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(54) Apparatus and containers for performing polymerase chain reaction 



(57) A thermocyder apparatus for pertormtng 
polymerase chain reaction (PCR) comprises a heating 
block (12) and heated cover (14) in which sample tubes 
(324,326) are retained, heated and cooled as required. 
The heating d the upper porttons and caps of sample 



tubes (324,326) in use prevents condensation insMe the 
tube caps thereby elMnating the need for a layer of oil 
floating oh the surface of the ssmffile liquid. 
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Descrf|)tion (.1 n 

The invention pertains to the field of computer directed instruments for performing the polymerase chain reaction 
(hereafter PGR). More particularly, the invention pertains to automated instruments that can p^rm.the polymerase 
5 chain reaction simultaneously on many samples with a very high degree of precision as to results obtained for each 
sample. This high precision provides the capability, among other things, of performing so-called "quantitative PGR". 

To amplify DNA (Decocyribose Nucleic Acid) using the PGR process, it is necessary to cycle a speclaily constituted 
liquid reaction mixture through a PGR protocol including several different temperature incut>ation periods. The reaction 
mixture is comprised of various components such as the DNA to be amplified and at least two primers selected In a 
TO predetermined way so as to be sufficiently complementary to the sample DNA as to be able to create extension prod- 
ucts of the DNA to be amplified. The reaction mixture includes various enzymes and/or other reagents, as well as sev- 
eral deQxyritx)nucleoside triphosphates such as dATP, dGTP, dQTP and dTTP Generally, the primers are 
oligonucleotides which are capatrie of acting as a point of initiation of synttiesis when placed under conditions in which 
symhesis of a primer extension product which is complimentary to a nucleic add strand is Induced, t.e., in the presence 
15 of nucleotides and inducing agents such as thermostable DNA polymerase at a suitable yarr^xmSa^B andpH. 

The Polymerase Ghain Reaction (PGR) has proven a phenomenally succes^i technology fbr genetic analyst, 
largely because it is so simple and requires relatively low cost instrumentation. A key to PGR is the concept of thermo- 
cyding: alternating steps of melting DNA. annealing short primers to the resulting single strarxls, and extending those 
primers to make new copies of double stranded DNA. In thermocyding, the PGR reaction mixture is repeatedly cycled 
20 from high temperatures (>90'* G) fbr melting the DNA, to lower temperatures (40*G to 70«G) for primer annealing and 
extension: The first commerdat system fbr performing the thermal cycling required In the polymerase chain reaction, 
the Perkin-Elmer Cetus DNA Thermal Gycler. was introduced in 1987. 

AppBcations of PGR technology are now moving from baac research to applications in wNch large numbers of sim- 
ilar amplif ications are routinely run. These areas indude diagnostic research, bk)pharmaceutical development, genetic 
25 analysts, and environmental testing. Users in these areas would benefit from a high performance PGR system that 
would provide the user with high throughput rapid turn-around time, and reproducft)le results. Users in these areas 
must be assured of reproducflDility from sample-to-sample, run-to-run. lab-to^at)i and instrument-to-instrument 

Fbr example, tiie physical mapping process in the Human Qenome Project may become greatiy simplified by utiliz- 
ing sequence tagged sites. An ST8 is a short, unique sequence easily amplified by PGR and which identifies a location 
50 on the chromosome. Gheddng for such sites to make genome maps requires anplifying large numbers of samples in 
a short time with protocols which can be reproducft)ly run throughout tiie world. 

As ttie number of PGR samples increases, it becomes more important to integrate amplification with sample prep- 
aration and post-amplification analysis. The sample vessels must not only allow rapid thenmal cycfing but also pemnH 
more automated handling fbr operations such as solvent extractions and centrifugation. The vessels shoukf woric oon- 
35 sistentiy at kw volumes, to reduce reagent costs. 

Generally PGR temperature cyding involves at least two incubations at different temperatures. One of these incu- 
bations is for primer hybridization and a catalyzed primer extension reaction. The otiier incut)ation is for denaturation, 
i.a, separation of the double stranded extensioh products into single strand templates fbr use in the next hybridization 
and extension incubation inten/al. The details of the polymerase chain reaction, the temperature cycling and reaction 
40 conditions necessary for PGR as well as ttie various reagents and enzymes necessary to perform the reaction are 
described in U.S. patents 4.683.202, 4.683,1 95, EPO Publication 258.01 7 and 4,889.81 8 (Taq polymerase enzyme pat- 
ent) and all otiier PGR patents which are assigned to Getus Corporation, which are h<ere^ Incorporated by refererice. 

The purpose of a polymerase chain reaclion is to manufacture a large volume of DNA which is identical to an mi- 
tially supplied small volume of "seed" DNA. The reaction involves copying ttie strands of the DNA and tiien using ttie 
45 copies to generate otiier copies in subsequent cydes. Under kleal conditions, each cyde will double the amount of DNA 
present tiiereby resulting in a geometric progressfon in the volume of copies of the **targ^' or "teed" DNA strands 
present in the reaction mixture 

A typical PGR temperature cyde requires that the reaction mixture be heU accurately at each incubation tempera- 
ture for a prescribed time and ttiat the identical cyde or a similar cyde be repeated many times. A typical PGR program 
so starts at a sample tenperature of 94*G held for 30 seconds to denature ttie reaction ntixhjra Then, ttie temperature of 
the reaction mixture is kywered to 37''G and hekl for one minute to pernvt primer hybricfization. Next, ttie temperature of 
tiie reaction mixture is raised to a temperture in ttie range from SO^'G to Ta^'G where it is hekl for two minutes to promote 
the synttiesis of extension products. This completes one cyde. the next PGR cyde then starts by raising the tempera- 
ture of ttie reaction mixture to 94<'G again for strand separation of ttte extension produds formed in the previous cyde 
55 (denaturation). Typically, ttie cyde is repeated 25 to 30 times. 

Generally, it is desirable to change ttie sample temperature to ttie next temperaturB in the cyde as rar»dly as pos- 
sS)le for several reasons. Rrst, ttie chemical reaction has an optimum temperature for ^ch of its stages. Thus, less time 
spent at nonoptimum temperatures means a better chemfoal result is achieved. Anottier reason is ttiat a minimum time 
for hokiing ttie reaction mixture at each incubation temperature is required after each saki incuk>ation temperature is 
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reached. These minimum incubation times estat)lish the 'Yloor" or mininmjm time it takes to complete a cycle. Any time 
transitioning t>etween sample incubation temperatures is time which is added to this minimum cyde tima Since the 
number of cycles is fairly large, this additional time unnecessarily lengthens the total time needed to complete the 
amplification. 

5 In some prior automated PGR bislruments. the reaction mixture was stored in a disposable plastic tube which is 
closed with a cap. A typical sample volume for such tut>es was appftsdinately 100 microrrters. Typically, such instru- 
ments used many such tubes filled with sample DMA and reaction mixture inserted into holes called sample wells in a 
metal block. To perform the PGR process, the temperature of the metal block was controlled according to prescribed 
teirperatures and times specified by the user in a PGR protocol file. A computer and associated electronics then con- 

10 trolled the temperature of the metal block in accordance with the user supplied data in the PGR protocol fie defining the 
times, temperatures and number of cycles, eta As the metal block changed temperature, the samples in the various 
tubes followed with similar changes in temperature. However, in these prior art instruments not all samples experienced 
exactly the same temperature cyde. In these prior art PGR Instruments, errors in sample temperature were generated 
by nonunifbrmity of temperature from place to place within the metal sample bhKk. I.a. temperature gradients existed 

15 within the metal of the block thereby causing some samples to have cfifferent temperatures than other samples at par- 
ticular times In the cycle. Further, there were delays in transfem'ng heat from the sample bkx^k to the sample, but the 
delays were not the same for all samples. To perforrn the PGR process successfully and efTidently, and to enable so 
called "quantitative* PGR. these time delays and temperature enors must be mirtimized to a great extent 

The prcblents of minimizing time delays for heat transfer to and from the sample liquid and nvninuzing temperature 

20 errors due to temperature gradierrts or rxmunifbrmity in temperature at various points on the metal tiiock become par- 
ticulariy acute when the size of the region containing samples becomes large. It Is a highly desirable attrSxite for a PGR 
instrunient to have a metal block which is large enough to accornmodate 96 san^ irithefomiatof an 

industry standard microtiter plate. 

The microtiter plate is a widely used means for handling, processing and analyzing large numbers of small samples 

25 in the tMOchemistry arxf biotechnology fields. Typically, a nricrotiter plate is a tray which is 3 5/8 inches wide and 5 inches 
long and contains 96 kJentical sample wells in an 8 well by 12 well rectangular anay on 9 millimeter centers. Although 
microtiter plates are available in a wide variety of materials, shapes and volumes of the sample wells, which are opti- 
mized for many different uses, all microtiter plates have the same overall outskle dimensions and the same 8x12 array 
of wells on 9 millimeter centers. A wide variety of equpment is available for automating the handling, processing and 

30 analyzing of sanftples in this Standard rnicTOtiter plate format 

Generally miaotrter plates are made of injection molded or vacuum formed plastic and are inexpensive and con- 
sidered dtsposabia Disposability is a highly desirable characteristic because of the legal liability arising out of cross 
contamination and the difficulty of washing and drying microtiter plates after use. 

It is therefore a highly desirable characteristic for a PGR instrument to be able to peribrm the PGR reactton on up 

35 to 96 samples simultaneously said samples being ananged In a microtiter plate fbmnat 

Of course, the size of the metal block which is necessary to heat and cool 96 samples in an 8 x 1 2 well array on 9 
millimeter centers is fairiy large. This large area block aeates multiple challenging engineering problems for the design 
Piya PGR instrument which is capable of heating and cooling such a bk)ck very rapidly in a tempmtture range generally 
from 0 to 1 0O^'C with very Gttte tolerance for temperature variations t>etween samples. These protriems arise from sev- 

40 eral sources. First, the large thermal mass of the block makes it difficult to move the block temperature up and down in 
the operating range with great rapidity. Second, the need to attach the block to various external devices such as manl- 
fblds for sif)pty and withdrawal of cooling liquid, block support attachment points, and associated other peripheral 
equipment creates the potential for temperature gradients to exist across the block whtoh exceed toterable Emits. 
There are also numerous other conflicts between the requirements in the design of a thermal cyding system for 

45 automated peribrmance of the PGR reaction or other reactions reqiiring rapid, accurate temperature cyding of a large 
number of samples. For example, to change the temperature of a metal block rapidly, a large amount of heat must be 
added to, or removed from the sample bkKk in a short period of time Heat can t>e added from electrical resistance heat- 
ers or t>y flowing a heated fluid in contact with the block. Heat can be removed rapidly by f towing a chilled fluid in contact 
with the block. However, it is seemingly impossble to add or remove large amounts of heat rapkity in a metal block by 

so these means without causing large cfifferences in temperature from place to place in the btock thereby forming temper- 
ature gradients whtoh can residt in nonunifbrmity of temperature among the samples. 

Even after the process of addition or removal of heat is terminated, terrperature gr^ients can persist for a time 
roughly proportional to the square of the distance tf^ the heat stored in variois pdnts in the tHock nrtust travel to cooler 
regions to eliminate the temperature gradient. Thus, as a metal block Is made larg^ to acconvnodate nK>re samples. 

55 the time it takes for tenperature gradients existing in the block to decay after a temperature change causes temperature 
gradients which extend across the largest dimensions of the block can become nwkedly longer. This makes it aicreas- 
ingly difficult to cyde the temperature of the sample btock rapidly while maintaining accurate temperature unifomrtity 
among all the samples. 

Because of the tinrie required for tenperature gr^Jients to dissjpata an iin^^ in the design of 
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a high performance PGR instniment to prevent the creation of temperature gradients that extend over large (fistances 
in the t)tock. Another need is to avoid, as much as possil3le. the requirement for heat to travel across mechanical txHjnd- 
aries between metal parts or other peripheral equipment attached to the block, tt is difficult to join metal parts in a way 
that insures uniformly high thermal conductance everywhere across the joint Nonunifomiities of thennal conductance 
5 win generate unwanted tenrperature gradients. 

Summary of the Invention 

According to the teachings of the invention, there is disclosed herein a thin walled sample tube for decreasing the 
10 delay between changes in sample temperature of the sample block and corresponding changes in temperature of the 
reaction mixture. Two different sarrple tube sizes are disclosed, but each has a thin walled conical section that f its into 
a matching conical recess in the sarrple block. Typically, cones with 1 T angles relative to the longitudinal axis are used 
to prevent jamming of the tubes into the sample bk)ck but to aUow snug fit. Other shapes and angles would also suffice 
for purposes of practicing the inventioh. 
15 Also, other types of heat exchangers can also be used other than sample blocks such as liquid baths^ ovens, etc. 
However, the wall thickness of the section of the sanrple tube wftich is in contact with wtiatever heat exchange is t>eing 
used should be as thin as posstole so long as it is sufficiently strong to withstand the thermal stresses of/ PGR cycling 
and the stresses of normal use. Typicady, the sample tubes are made of autoclavable polypropylene such as Himont 
PD701 with a wall thickness of the conical section in the range from 0.009 to 0.012 inches phis or minus 0.001 inches. 
so Most preferably, the wall thickness is 0.01 2 inches. 

In the prefen^ed embodiment, the sample tube also has a thicker walled cylindrical section which joins with the con- 
ical section. This conical section provide containment for the original reaction mixture or reagents which may be added 
after PGR processing. 

The sample tube shown in Figure 50 has industry standard configuration except for the thin walls for compatibility 
25 in other PGR systems. The sample tube of Figure 15 is a shorter tube whteh cari be used with the system disclosed 
herein. The other subject matter of the system environment in which use of the thin walled sample tubes is preferred 
are summarized below. 

There is also descrft>ed herein a novel method and apparatus for achieving very aooffate temperature control for a 
very large number of samples arranged in the microtiter plate format during the performance of very rapid temperature 

30 cycling PGR protocols. The teachings of the invention contemplate a novel structure for a sample blocK sample tut>es 
and supporting mounting, heating and cooling apparatus, control electronics and software, a novel user Interface and 
a novel method of using said apparatus to peribrm the PGR protocol. 

The instrument described herein is designed to do PGR gene ampTif ication on up to 96 samples with very tight tol- 
erances of temperature control across the universe of samples. This means tiiat all samples go ip and down in tem- 

35 perature simultaneously with very littie difference in temperature between different wells containirig different samples, 
this being true throughout the polymerase chain reactk>n cyde. The instrument descrtoed herein is also capable of very 
tight control of the reaction mixture concentratkxi through control of ttie evaporation and condensation processes on 
each sample well. Further, the instrument descnlsed her^n is capable of processing up to 96 samples of 100 microliters 
each from different donor sources with substantially no cross-contamination between sample wells. 

40 The teachings of the invention herein includes a novel method of heating and cooling an aluminum sample block to 
thermally cyde samples in the standard 96-wen microtiter plate tbnnat with the result that excellent sample^o-sample 
uniformity exists despite rapid thermal cycling rates, nonoontrolled varying ambient temperatures and variations in other 
operating conditions such as power fine voltage and coolam temperatures. 

The teachings of ttie invention also contemplate a novel design for a disposable plastic 96-wen microtiter plate for 

45 accomnxxiation of up to 96 individual sample tubes containing DMA for thermal cyding each sample tii>e having indi- 
vidual freedom of movement suff ident to find the best fit with tiie sample bkx:k under downward pressure from a heated 
cover. The microtiter plate design, by allowing each tube to find the best fit provkies high and unifonn thennal conduct- 
ance from the sample bkKik to each sample tube even If differing rates of thermal expanskman^ 
the metal of the k)lock and the plastic of the sample tube and mk:rotiter plate structure cause the relative center-to- 

50 center dimensions of the wells in the sample bk)ck to change relative to the center-to-center distance of the sample 
tubes in ttie dsposable miaotiter plate structure. 

The teachings of the invention also contemplate a novel metitod and apparatus for controRing the PGR Instniment 
whk:h indudes the abOity to continuously cateulate and display the temperature off the sanrples being processed without 
directiy measuring these temperatures. These calculated tempemtures are used to control the time that the sanples 

55 are held vinthin the given temperature tolerance band for each target temperature of incubation. The control system also 
contrds a three-zone heater thermaOy coupled to the sample block and gates f luki f tow through directionally interiaoed 
ramp cooling channels in the sample block which, when combined with a constant bias cooling f tow of coolant tiirough 
the sample btock provkies a fadlity to achieve rapto temperature changes to and predse temperature oontrd at target 
temperatures specified k»y the user. The method and apparatus for controlling the three-zone heater indudes an appa- 
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ratus tor taking tnto account among other things. ihB line voltage, block temperature, coolant temperature and ambient 
temperature in calculating the amount of electrical energy to be sifsplied to the various zones of the three-zone heater. 
This heater has zones which are separately controllable under the edges or "guard bands* of the sample block so that 
excess heat losses to the ambient through peripheral equipment attached to the edges of the sample block can be com- 
pensated. This helps prevent thermal gradients from fbmiing. 

The teachings of the invention also contemplate a novel method and apparatus for preventing loss of solvent from 
the reaction mixtures when the samples are t>eing inctd^ated at temperatures near their boiling point A heated platen 
covers the tops of the sample tubes and is in contact with an indvidual cap which provides a gi»-tlght seal for each 
sample tut>e. The heat from the platen heats the upper parts of each sample tube and the cap to a temperature above 
the condensation point such that no condensation and refluxing occurs within any sample tube. Condensation repre- 
sents a relatively large heat transfer since an amount of heat equal to the heat of vaporization Is given if) when water 
vapor condenses. This could cause large temperature variations from sample to sanple if the condensation does not 
occur unHbmfily. The heated platen prevents any condensation llrom oocuning in any sample tube thereby nrrinimlzing 
this source of potential temperature en-ors. The use of the heated platen also reduces reagent consumption. 

Furthermore, the heated platen provides a downward force for each sample tube wtiich exceeds an &^)erimentally 
determined minimum downward force necessary to keep ail sample tubes pressed firn% into the temperature control- 
led sample block so as to establish and maintain uniform block-to-tube thermal conductance for each ti^ This uni- 
formity of thermal conductance is established regardless of variations fiom tube to tube in length, diameter, ofigle or 
other dimensional enors which othenmse coukJ cause some sample tubes to fit more snugly in their corresponding 
sample weSs than other sample tubes. 

The heated platen softens the plastic of each cap but does not totally destroy the caps dasticity. Thus, a minimum 
threshold downward forced is successfully applied to each tube despite differences in tube height from tube to tube. 

The PGR instrument descrfoed herein reduces cyde times by a factor of 2 or more and towers reagent cost by 
accommodating PGR vdumes down to 20 uh but remains compatible with the industry standard 0.5 ml micrbcentrifuge 
tube. 

Pf ief Degcriptipr^ of th^ Prawinqs ^ 

Figure 1 is a block diagram of the thermal cycler according to the teachings of the invention. 
Rgure 2 is a plan view of a sample block according to the teachings of the invention. 
Figure 3 is a side, elevation view of the sample btock showing the bias and ramp cooling channels. 
Figures 4 and 5 are end, elevation views of the sample block. 
Figure 6 is a sectional view of the sample block taken along section line 6-6* in Rgure 2. 
Rgure 7 is a sectional view of the sample block taken along section line l-T in Rgure 2. 
Figure 8 is a sectional view of the sample block taken along section line 8-8' in Rgure 2. 
Figure 9 is a cross-sectional, elevation view of the sample block structure after assembly with the three-zone film 
heater and block support 

. Figure 10 is a graph of power line voltage illustrating the form of power control to the tiiree-zone film heater. 
Figure 11 is a temperature graph showing a typical three incubatfon temperature PGR protocol. 
Figure 12 is a cross-sectional view of the sample btock illustrating the local zone concept 
Figure 13 is a plan view of the three-zone heater. 

Rgure 14 is a graph of sanple temperature versus time Olustratirig the effect of an t of a sarnpl^ 
F which is too low. 

Figure 1 5 is a cross-sectional view of a sample tube and cap seated In the sample btock. 
Figure 16A is a graph of the inpulse response of an RC drcuit 
Figure 16B is a graph of an inipulse excitation pulse. 

Rgure 1 6G is a graph illustrating how tiie convolution of the themnaf impulse response and the temperature history 
of the block give the calculated sample temperature. 

Figure 16D illustrates the electrical analog of the thermal response of the sample btockfeample tube system. 

Figure 17 illustrates hew the calculated temperatures of six different samples all converge on a target temperature 
to within about 0.5*'C of each other when the constants of proportionality for the equations used to control the three 
zone heater are property set 

Figure 18 is a graph illustrating how ttie denaturation target temperature affects the amount of DNA generated. 

Rgure 19 is a cross-sectional view of the sikfing cover and heated platen. 

Figure 20 is perspective view of the sliding cover, sample block and the knob used to tower ttie heated platea 
Figure 21 A is a cross-sectional view of the assembly of one emtxxiiment of the frame, retainer, sample ttidbe and 

cap when seated on a sample block. 

Figure 21 B is a cross-sectional view of the assmtfy of the prefenred embodiment of the frame, retainer, sample 

tube and cap when seated on the sample block. 
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Figure 22 is a top, plan view of the pl£^ disposatile free for the microtiter plata 
Figure 23 is a bottom, plan view of ttiid frame. 
Rgure 24 is an end. elevation view of the frama 

Rgure 25 is another end. elevation view of the frame. ... 

Figure 26 is a aoss-sectional view of the frame taken along section line 26-26' in Figure 22. 

Figure 27 is a aoss-sectional view of the frame taken along section line 27-27 in Figure 22. 

Rgiffe 28 is an edge elevation view and partial section of the frame. 

Figure 29 is a sectional view of the prefen-ed sample tut>e. 

Figure 30 is a sectional view of the upper part of the sample tutoe. 

Figure 31 is an elevation view of a portion of the cap strip. 

Figure 32 is a top view of a portion of the cap strip. 

Figure 33 is a top, plan view of the plastic, disposable retainer portion of the 96 well miaotiter tray. 
Rgure 34 is a side, elevation view with a partial section of the retainer. 
Figure 35 is an end. elevation view of the retainer. 

Figure 36 is a sectional view of the retainer taken along section line 36-36* In Figure 33. ••^^ 

Rgure 37 is a sectional view of the retainer taken along section line 37-37* in Figure 33. 

Rgure 38 is a plan view of the plastic disposable supf>on ba&e of the 96 well microtiter tray. 

Rgure 39 is a bottom plan view of the base. 

Figure 40 is a skie elevation view of the base. 

Figure 41 is an end elevation view of the base. 

Rgure 42 is a sectional view of the support base taken along section line 42-42* in Rgure 38. 
Rgure 43 is a sectional view of the support base taken along section line 43-43* in Figure 38. 
Rgure 44 is a section view of the base taken along sectkm line 44w«4* in Figure 38. 

Figure 45 is a perspective expkxfed view of the plastic disposable items that comprise the mterotiter tray wHh some 
sample tut)es and caps in place. 

Rgure 46 is a diagram of the coolant control system 24 in Figure 1. 

Figures 47A and 47B are a block diagram of the control electrontos according to the teachings of the invention. . 
Rgure 48 is a schematic of a typical zener temperature sensor. 
Figure 49 is a time line diagram of a typical sanple period. 

Figure 50 '6 elevation sectional view of a tall thin walled sample tube marketed under tiie trademrak MAXIAMP. . 
Figure 51 is a graph showing the difference, in response time between the thin walled sarnple tObes and the thkic 
walled prior art tubes. 

Rgure 52 is a plan view of a sample tube and cap. 

Figures 53 and 54 are fk)w charts of the power up test eequenca 

Detailed Description of tiie Invenlinn 

Refening to Figure I there is shown ai)kx:kdiagram<yf themaj of oneembodlment of a com- 

puter directed instmment for performing PGR according to the teachings o1 the invention. Sample mixtures inducing the 
DNA or RIMA to be amplified are placed in the temperature-programmed sample block 12 and are covered t>y heated 
cover 14. 

A user supplies data defining time and terrperature parameters of the desired PGR protocol via a temnlnal 16 
including a keyboard and display. The keyboard and display are coupled via bus 1 8 to a control computer 20 (hereafter 
sometimes referred to as a central processing unit or GPU). This central pnxessing unit 20 includes memory which 
stores the control program described below, the data defining ttie desired PGR protocol and certain calibration con- 
stants desatoed below. The control program causes the GPU 20 to control temperature cycTing of the sample block 12 
and inplements a user interface which provides certain displc^ to the user and wh»h receives data entered by the 
user via the keyboard of the terminal 16. 

In the prefened embodment. the central processing unit 20 is custom designed. A bk>ck diagram of the electronics 
win be cfiscussed in more detail below. In alternative embodiments, the central processing unit 20 and associated 
peripheral electronics to control the various heaters and other electro-mechanical systems of the instrument and read 
various sensors ooukJ be any general purpose computer such as a suitably programmed personal computer or mtoro- 
computer. 

The samples 1 0 are stored in capped disposable tut>es which are seated in tiie sample block 12 and are thermally 
isolated from the ambient air by a heated cover 14 which contacts a plastic cfisposaUe tray to be descrft>ed K)ekMv to 
form a heated, enclosed box in which the sample tubes resida The heated cover serves, among other things, to reduce 
undesired heat transfers to and from the sample mixture by evaporation, condensation and ref luxing inskJe the sample 
tiA>e& It also reduces the chance of cross contamination by keeping the insides of the caps dry theret>y preventing aer- 
osol formation when the tubes are unc^sped. The heated cover is in contact with the sample tube caps and keeps tiiem 
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heated to a tenperature of approximately KM^'C or above the condensation points of the various components of the 
reaction mixture. 

The central processing unit 20 includes appropriate electronics to sense the temperature of the heated cover 14 
and control electric resistance heaters therein to maintain the cover 14 at a predetermined temperature. Sensing of the 

5 temperature of the heated cover 14 and control of the resistance heaters therein is aooompHshed via a tempeiature 
sensor (not shown) and bus 22. 

A coolant control system 24 continuously circulates a chilled liquid coolant such as a nrtixture of automobile anti- 
freeze and water through bias cooling channels (not shown) in the sample block 12 via irput tubes 26 and output tube 
28. The coolant control system 24 also controls fluid flow through higher volume ramp cooling fluid flow paths (not 

10 shown) in the sample block 1 2. The ramp cooling channels are used to rapkUy change the temperature of the sample 
block 1 2 by punptng large volumes of chilled Bquid coolant through the block at a relatively high flow rate. Ramp cooling 
liqukJ coolant enters the sample block 12 through tube 30 and exits the sample block through tube ZZ The details of 
the coolant control system are shown in Rgure 46. The coolant control system win be discussed more fully below in the 
desalption of the electronics and software of the control system 

15 Typically, the fiquki coolant used to chai the sample block 1 2 consists mainly of a mixture of water and ethylene gly- 
col. The liquid coolant is cfulled t>y a heat exchanger 34 which receives liquki coolant which has extracted fieat from the 
sample block 12 via input tube 36. The heat exchanger 34 receives compressed liquid freon refrigerant via input tube 
38 from a refrigeration unit 40. This refrigeration unit 40 includes a compressor (not shown), a fan 42 and a fin tube heat 
radiator 44. The refrigeratk)n unit 40 compresses freon gas received from the heat exchanger 34 via tube 46. The gas- 

20 ecus freon is cooled and condensed to a rx^uid in the fin tube condenser 44. The pressure of the lk|uid freon is main- 
tained above its vapor pressure in the fin tube cmJenser by a flow restrictor capillary tA>B 47. Ihe output of ttiis 
capillary tiA>e Is coupled to the input of the heat exchanger 34 via tube 38. In the heat ei^anger. the pressure of the 
freon is alkswed to drop k^elow the freon vapor pressure, and the freon expands. In this process of expansion, heat is 
absort^ed from the warmed liquid coolant diculating In the heat exchanger and this heat is transferred to the freon 

25 thereby causing the freon to boil. The wanned freon is then extracted from the heat exchanger via tii)e 46 and is com- 
pressed and again drculated through the fin tube condenser 44. The fan 42 blows air through the fin tube condenser 
44 to cause heat in the freon from tube 46 to be exchanged with the ambient air. As symbolized by anrows 48. The refrig- 
eration unit 40 shouU be capable of extracting 400 watts of heat at SO^'C and 100 watts of heat at lO^'C from the Gqifld 
coolant to support the rapM temperature cycling according to the teaichings of the invention. 

30: In the preferred embodiment, the apparatus of Figure 1 is enclosed virithin a housing (not shown). The heat 48 
expelled to the ambient air is kept within the housing to aid in evaporatk)n of any condensation which occurs on the var- 
ious tubes canying chilled lk)uid coolant or freon from one place to another. This condensation can cause conroston of 
metals used in the constfuctton of the unit or the electronic circuitry and shouM be removed. Expelling the heat 48 
inskle the enctosure helps evaporate any condensation to prevent corrosbn. 

35 After exchanging its heat with the freon, the liquid coolant exits the heat exchanger 34 via tube 50 and reenters the 
coolant control system where It is gated as needed to the sample btock during rapid coollhg portions of the PCR ^de 
defined by data eritered by the user via terminal 16. 

As Qoted above, the PCR protocol orrvolves incubations at at least two different temperatures and often three differ- 
em temperatures. A typical PCR cyde is shown in Figure 1 1 with a denaturatton incid)ation 1 70 done at a temperature 

40 near 94''C, a hybridization incut>atk>n 1 22 done at a temperature near room temperature (25''C-37^C) and an extension 
Incubation 1 74 done at a temperature near SO^'C. These temperatures are 8ut>stantially cfifferent arxJ, therefore means 
must be provided to move the temperature of the reactkm mixture of all the samples rapkily from one temperature to 
another. The ranpcooTtfig system is the means k>ywhk:h the tenqser^ sample block 12 is brought down rap- 
klly from the high temperature denaturation incut>ation to the lower temperature hybricfization and extension incutMitk>n 

45 temperatures. Typically the coolant temperature is in the range from 10-20''C. When the coolant is at 20'O it can pump 
out about 400 watts of heat from the sample block Typically the ramp oooGng channel dimensk>ns, coolant temperature 
and coolant f k)w rate are set such that peak cooling of S^'^^'C per second can be achieved near the high end of the 
operating range (lOO^'C) and an average cooling rate of 2.5''C per second is acNeved in bringing the sample block tem- 
perature down from 94^ to 37^. 

60 The ramp cooling system, in some embodiments, may also be used to maintain the sample block temperature at 
or near the target iTKut)atk>n temperature also. However, in the preferred emtxxfiment, smaO temperature changes of 
the sample btock 12 in thedownwaiddrectk)n to maintain target incubation temperature are implemented t>y the t)ias 
cooling system. 

As seen in Rgure 46. a punp 41 constantly pumps coolant from a filter/ireservoir 39 (130 nilliliter capacity) via 1/2" 
ss pipe and pumps It via a 1/2" pqpe to a branching intersectkm 47. The pump 41 supplies coolant to pipe 45 at a constant 
ftow rate of 1-1.3 gaBons per minute. Attheimersectkm47, aporb*onofthefk)wintid>e45is(fivertedastheoonst^ 
f k3w through the bias cooling channels 49. Another portion of the f k3w in tube 45 is diverted through a flow restrictor 51 
to output tube 38. Row restrictor 51 maintains suffident pressure in the system such ttiat a positive pressure exists^ 
the input 53 d a two state sdenokJ operated valve 55 under the ooritrd of the CPU 20 via bu^ 
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is desired to inplement a rapki downward temperature diange, the CPU 20 causes the solenoid operated valve 55 to 
open to allow flow of coolant through the ranp cooling channels 57. There are 8 ramp coding channels so the flow rate 
through each ranrtp cooling channel is about 1/B gallon per minuta The flow rate through the bias cooling channels is 
nrnich less t>ecause of the greatly restricted cross-sectional area thereof. 

5 The bias cooling system provides a small constant flow of chilled coolant through bias coding channels 49 in the 
sample block 12. This causes a constant, small heat toss from the sample block 12 which is compensated by a multi- 
zone heater 156 w^li^ls thermally coupled to the sample block 12 for Incubatkm segments where the temperature of 
the sample block is to main^ned at a steady value. The constant small heat loss caused by the bias coding flow allows 
the control system to implement proportior^l control both upward and downward in temperature for small temperatures. 

10 This means kx)th heating snA coding at contrdled. predictable, small rates is available to the temperature servo system 
to correct for block temperature errors to cause the block temperature to faithfully track a PGR temperature profile 
entered by the user. The altemative wouki be to cut off power to the film heater and alfow the sample block to cod by 
giving up heat to the ambient by radiatfon and ccHivectfon when the block temperature got too high. This would be too 
slow and too unpredictable to meet tight temperature control specifications for quantitative PGR cyding. 

IS This multi-zone heater 156 is controlled by the GPU 20 via bus 52 in Rgure 1 arxJ is the means by which the tem- 
perature of the sample block 1 2 is raised rapidly to higher incubation temperatures from lower incubation temperatures 
and is the means by whkii bias oooGng is compensated and temperature errors are oonrected in the upward directfon 
during temperature tracking and contrd during incut>atidns. 

In alternative embodiments, bias cooling may t>e diminated or may be sif)plied other means such as by the use 

20 of a coofing fan and coding fins formed in the metal of the sample UocK pettier junc^ . 
water. Care must be taken however in these altemative embodiments to insure that temperature gradients are not cre- 
ated in the sample block which would cause the temperature of some samples to diverge from the temperature of other 
samples thereby possibly causing different PGR amplification results in some sample tut>es than in others. In the pre- 
tended embodiment the tMas cooling is proportional to the difference between the block temperature and the coolant 

25 temperature. 

The CPU 20 controls the temperature of the sample block 1 2 by sensing the temperature of the metal of the sanple 
k)iock via tenperature sensor 21 and bus 52 in Figure 1 and by sensing the temperature of the drculating codant liquid 
via bus 54 and a temperature sensor in the coolant contrd system. The temperature sensor for the coolant is shown at 
61 in Rgure 46. The GPU also senses the irrtemal ambient air temperature within the housing d the system via an 

30 ambient air temperature sensor 56 in Rgure 1 . Further, the CPU 20 senses the line vdtage for the input power on line 
58 via a sensor symbolized at 63. All these items of data together with items of data entered by the user to ddlne the 
desired PGR protocol such as target temperatures and times fdr incut)ations are used by a control program to be 
described in more detail below. This control program calculates the amount of power to apply to the various zones of 
the nrutti-zone sample block film heater 1 56 via the bus 52 and generates a oodarrt contrd signal to open or dose the 

3S sdendd operated valve 55 in the codant control system 24 via bus 54 so as to cause the temperature of the sample 
block to follow the PGR protocol defined by data entered by the user. 

Refenring to Rgure 2, there is shown a top view d the sample dock 12. The purpose of the sample block 12 is to 
provide a medianical support and heat exchange dement for an array of thin^led sample tubes where heat mayl>e 
exchanged k>^een the sample liqiiid in each sample tube and liquid coolant flowing in the bias coding and ramp ood- 

40 ing channels fdrmed in the sampte block 12. Further, it is the function of the sample Upck 12 to provide this heat 
exchange function without creating large temperature gradients between various ones of the sample wdls such ttiat all 
sample mixtures In the anray experience the same PGR cyde even though they are spatially separated. It Is an overall 
objective of the PGR instrument desafoed herein to provide very tight temperature control over the temperature d the 
sample fiquid for a plurality d samples such that the temperature d any sample liquid does not vary appreciably 

45 (approximately plus a minus 6.5'>G) from the temperature of any other sample liquid in another wdl at any pdnt in the 
PGR cyde. 

There is an emerging branch of PGR techndogy called "quantitative'' PGR. In this technology, the objective is to 
perfomiPCR amplification as prectsdy as possfole by causing the amount of target DNA to exactly double on every 
cyde. Exad doubling on every cyde is diffkxjit or impossS^le to achieve but tight temperature control helps. 

so There are many sources of enrors which can cause a failure of a PGR cyde to exactly double the amount d target 
DNA (hereafter DNA should be urxierstood as also referring to RNA) during a cyda For example, in some PGR ampG- 
f ications, the process starte with a single cell of terget DNA. An ent>r that can easily occur resuHs when this single cdl . 
sticks to the wall d the sample tube and does nc/t amplify in the first several cydes. 

Another type of error is the entry of a foreign nudease into the reaction mixture which attacks the lordgn' target 

ss DNA. All cdls have some nonspecific nudease that attecks foreign DNA that is loose in the cell. When this happens, it 
interferes with or stops the replication process. Thus, if a drop d saliva or a dandruff partide or material from another 
sample mixture were inadvertently to enter a sample mixture, the nudease materials in these cdls could attack the tar- 
get DNA and cause an enor in the ampliTication process. It is highly desirable to eliminate all such sources of cross- 
contamination. 
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Another source of error is nonprecise control over sample mixture tenperature as between various ones of a mul- 
tiplictty of cGfferent samples. For example, if all the sanrples are not predsety oontrolled to have the proper annealing 
temperature (a user selected temperature usuaHy In the range from 50 to 60^C) for the exten^on IncutDation certain 
forms of DNA will not extend property. This happens k)ecause the primers used in the extension process anneal to the 
5 wrong DNA if the temperature is too low. If the annealing tenperature is too high, the primers vvill not anneal to the tar- 
get DNA at all. 

One can easily imagine the consequences of perfomiing the PGR amplification process inaccurately when PGR 
amplification is part of diagnostic testing such as for the presence HIV antibodies, hepatitis, or the presence of genetic 
diseases such as sickle ceO anemia, etc. A false positive or false negative result in such diagnostic testing can have dis- 

10 astrous personal and legal consequences. Accordingly, it is an object for the design of the PGR instrument described 
herein to eGminate as many of these sources of possible enrors as possible such as cross-contamination or poor tem- 
perature control whHe providing an instrument which is compablDle with the industry standard 96-well miaotiter plate 
format The instrument must rapidly perform PGR in a flexible manner with a simple user interfaca 

In the preferred entxxfiment, the sample block 12 is machined out of a solid block of relatively pure but conrosion 

75 resistant aluminum such as the 6061 aluminum aNoy. Machffiing the block structure out of a solid block of aluminum 
results in a more thermally homogenous structure. Gast aluminum structures t&xi not to be as thermally homogenous 
as is necessary to meet the very tight desired temperature control specifications. 

Sample block 1 2 is capable of rapid changes in tmperahire because the thermal mass of the kalOGk is kept fow. This 
is done by the formation in the block of many cooling passageways, sample wells, grooves and other threaded and 

so unthreaded holes. Some of these holes are used to attach the btock to si^orts and to attach external devices such as 
manifokte and spSlage trays thereto. 

lb best appreciate the "honeycomb" nature of the sample trfock structure, the reader should refer simultaneously 
to Figure 2 which shows the block in plan view as well as Figures 3 through 8 which show elevatfon views and strategi- 
cally located sectional views of the sample block. For example, Rgure 3 is a skJe elevatfon view showing the coofing 

25 channel positions taken from the vantage point of the view line 3-3' in Figure 2. The elevation view of the sample btock 
12. kx)king at the opposite edge, is identical. Rgure 4 is an elevation view of the edge of the sample block 1 2 from the 
perspective of view line 4-4' in Rgure 2. Rgure 5 is an elevatfon view of the end of the sample block 12 taken from the 
perspective of view line 5-5' in Figure 2. Figure 6 is a sectional view of the san^ 

&6' in Figure 2. Figure 7 is a sectfonal view of the sample block 12 taken along section line 7-7 in Rgure 2. Figure 8 is 

30 a sectional view Of the sample block 12 taken atong section line 8-8' in Figure 2. ^ 

The top surface of the sample Uock 12 isdrOled with an 8 x 12 array of confoal sample wells of which wells 66 and 
68 are typical. The conical configuration of each sample well is best seen if Figure 8. The walls of each sample well are 
drilted at an angle of 1 7* to match the angle of the confoal section of each sample tube. This is done by drOfing a pilot 
hole having ttie diameter D^ in Rgure 8. Then a 1 7<' countersink is used to form the conical walte 67. 

35 The kxjttom of each sarnple well includes a sunr^ 70 which has a depth whk^h exceeds the depth of penetration of 
the tip of the sample tube. The sump 70 is created by the pilot hole and provides a small open space beneath the sam- 
ple tube when the sample tube is seated in the oonresponding sample well. This sump pnivkJes a space for liquU such 
as condensation that forms on the well walls to resfoe without interfering with the tlg^ fit of each sample tube to the 
walls of the sample well. This tight fit is necessary to insure that the thennal conductance from the well wall to the sam- 

40 pie fiquid Is unifonm and high for each sample tube. Any contamination in a well which causes a loose fit for one tube 
will destroy this unltbrmity of thermal conductance across the anay That Is, because IkiuM is substantially uncompress- 
iUe at the pressures involved in seating ttie sanrple tiA>es in the sample wells. If there were no sump 70, the presence 
of Gquklfo the bottom of the 8anrv)le well ooufo prevent a sampfo tube fi^ in its sarnple well. Fur th ermore, 

the sump 70 pruvfoes a space in which a gaseous phase of any Tiquid residing in the sump 70 can &pand during high 

45 temperature incut>ations such that large forces of such ebcpansion whkii would t>e present if there were no sump 70 are 
not applied to the sample tube to push the tube out of flush contact with the sample well. 

It has been found experimeiTtally that it is important for each sample tii>e to be in flush contact with Ha oonrespond- 
ing sample well and that a certain minimum threshokl force be applied to each sample tube to keep the thermal con- 
ductivity l>etween the wails of the sarrple well and the reaction mixture uniform throughout the array. This minimum 

so threshold seating force is shown as the force vector F in Figure 1 5 and is a key factor in preventing the thermal conduc- 
tivity through the walls of one sample tube from being different than ttie thermal conductivity ttvough ttie walls of 
another sampfo tut)e located elsewhere in the bfock. The minimum threshold seating force F is 30 grams and the pre- 
ferred force level is between 50 and 100 grams. 

The array of sample wells is substantalty completely surrounded by a groove 78. best seen in Figures 2, 6 and 8. 

ss which has two functions. The nriain function is to reduce ttie thermal conductivity from ttie cen^ 
blod(tottie edge of ttie block Tliegnxyve 78 extends about 2/3 ttirough ttie ttiickness of ttie sa^ 
minimizes ttie effects of unavoidable thermal gradients caused k>y the necessary mechanical connections to the bfock 
of ttie support pins, manifolds, etc. A secondary function is to remove ttiermal mass from ttie sample block 1 2 so as to 
anow ttie temperature of ttie sanriple bfock 12 to be attered mae rapidly and to sim^ 



EP0810 030A1 



called the "guard band". The amount of metat removed by the portion of the groove 78 between points 80 and 82 in Fig- 
ure 2 is designed to be substantially equal to the amount of metal removed by the acfacent column off eight sample wells 
83 through 90. The purpose of this is to match the thermal mass of the guard band to the thermal mass of the adjacent 
"local zone", a temi which will be explained more fully below. 

5 Referring specifically to Figures 3. 6 and 8. there is shown the number and relative positions of the various bias 
cooling and ramp cooling channels which are fbmied in the metal of the sample block 12. There are nine bias cooling 
channels marked with reference numerals 91 through 99. Likewise, there are eight ramp cooling channels marked wHh 
reference numerals 100 through 107. 

Each of these bias cooling and ramp cooling channels is gun drilled through the aluminum of the sample block. The 

10 gun drilling process is well known and pnjvides the ability to drill a k)ng. very straight hole which is as close as possible 
to the bottom surface 1 10 of the sample block 12. Since the gun drilling process drills a straight hole, this process is 
prefenred so as to prevent any of the bias cooling or ramp cooling channels from straying during the drilling process and 
penetrating the bottom surface 1 10 of the sample block or otherwise altering its position relativie to the other cooling 
channels. Such mispositioning couM cause undesirable temperature gradients t>y upsetting the "local balance" and 

15 "local symmetry" of the local zones. These concepts are explained betow. but for now the reader shouki understand that 
these notions and the structures which implement them are key to achneving rapki temperature cydtng of up to 96 sam- 
ples witfx>ut aeating excessive temperature errors as between different sample wells. 

The bias cooling channels 91 through 99 are lined with silicone rubber in the preferred embodiment to reduce the 
thermal conductivity across the rail of the bias cooling channel. Lowering of the themnal conductivity across the chan- 

20 nel wall in the bias cooling channels is prefen-ed so as to prevent too rapid of a change in temperature.of the sample 
block 12 when the nulti-zone heater 156 is turned off arxJ heat loss from the sample block 12 is primarily through the 
bias cooling channels. This is the situation during the control process carried out when the sample block t^nperature 
has strayed slightly above the desired targ^ incubation temperature and the control system is attempting to bring the 
sample block temperature back down to the user^ specified incubatk>n temperature. Too fast a cooling rate in this situ- 

25 ation oouM cause overshoot of the desired incubation temperature before the control system'b servo feedback loop can 
respond although a "controlled overshoot" algorithm is used as will be described beksw. Since the fcilock temperature 
servo feedback loop has a time constant for reacting to stimuli, it is desirable to control the amount of heating and cod- 
ing and the resulting rate of temperature change of the sample block such that overshoot is nrrinimized k)y not changing 
the sample block temperature at a rate faster than the control system can respond to temperature errors. 

30 In the preferred embodiment, the bias cooling channels are 4 millimeters in diameter, and the silicone rubber tube 
has a one millimeter inside diameter and a 1.5 millim^er wall thickness. This provides a bias coding rate of approod- 
mately 0.2*'C per second when the block is at the high end of the operating range. i.e.. near 1 0O'^C and a bias cooling 
rale d approKinfiately 0.1*C per second when the sample Uock 12 Is at a temperalure i^ 

mnge. The coolant control system 24 in Figure 1 causes a flow rate for codant in the bias cooling channels of approx- 
35 imately 1/20th to 1/30th of the flow rate for Ikpd codant through the rairp cooling channels, 1 00 through 1 07. The bias 
coding and ramp coding channels are the same size. i.e.. 4 millimeters in diameter, and extend completdy through the 
sample bk>ck 12. 

The bias coding channels are lined by inserting a stiff wire with a hook at the end thw 
channel and hooking it through a hde in the end of a silicone rubber tube which lias an outskfe diameter which is 
40 Slightly greater than 4 millimeters. The hook in the wire is then placed through the hde in the silicone rubber tube, and 
the silkxsne tube is pulled through the bias coding channel and cut off flush with the end surfaces of the sample block 
• 12. 

Threaded hdes 108 through 1 14 are used to bolt a codam manifoM to each Side d tt^^^ 
a codant maniidd bolted to each erxl d the t)k>ck. These two coolant manifokJs are coupled to the coolant channels 

45 26, 28. 30 and 32 in Figure 1, and are affixed to the sanple tHock 12 with a gasket materal (not shown) Interposed 
between the manHdd and the sample bbck metal. This gasket prevents leaks of codant arxl limits the thernal conduce 
tivity between the sample dock 12 and the manifdd whk^h represents a heat sink Any gasket material wNch serves 
the above stated purposes win suffice for practkmig the invention. 

The positions of the bias cooling and ramp cooling channels relative to the position of the groove 78 are best seen 

50 in the sectional view of Rgure 6. The positions of the bias coding arxi ramp cooling channels relative to the positions 
of the sample weRs is t>est seen in Figure 8. The bias coding and ramp cooling channels are generally Interposed 
between the positions of the tips of the sample wells. Further. Figure 8 reveals that the bias coding and ramp coding 
channds such as channels 106 and 97 cannot be moved in the positive z direction very far without risking penetratkyi 
of the walls of one or more sample wells. Likewise, the cooling channels cannot be moved in the negative z cBrection 

55 very far without creating the possS)ility of penetrating the bottom surface 116 of the sample block 12. For darity. the 
positions of the bias and ramp coding channels are not shown in hidden lines in Figure 2 relative to the posittons of the 
sample wells and other structures. However, there is either a bias coding channd or a ramp cooling channd between 
every column of sample wells. 

Referring to Rgure 2, the hdes 118. 119. 120 and 121 are threaded and are used to attach the sample bkxk 12 to 
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machinery used to machine the various holes and grooves formed thereia In Rgures 2. 4 and 5, the holes 124. 125. 
126 and 127 are used to attach the sample block 12 to a support bracket sham in Figure 9 to t)e described in more 
detail below. Steel tx>}ts extend through this support bracket into the threaded holes 124 through 127 to provide 
mechanical si9}port of the sample block 12. These steel bolts also represent heat sinks or heat sources which tend to 

5 add thermal mass to the sample block 12 and provide additional pathways for transfer of th^mal energy between the 
sample block 12 and the sunrounding environment These support pins and the manifolds arc two important factors in 
creating the need for the guard bonds to prevent the thennal energy transf en-ed back and forth to these peripheral struc- 
tures from affeclmg these sample temperatures. 

Refening to Rgure 5. the holes 1 28. 1 30 and 132 are mounting holes for an integrated drcuit temperature sensor 

10 (not shown) which is inserted into the sample block through hole 128 and secured thereto by kx>lts which fasten to 
threaded holes 1 30 and 1 32. The extent of penetration of the hole 128 and the relative position of the temperature sen- 
sor to the groove 78 and the adjacent column of sample wells is best seen in Figure 2. 

Referring to Figure 2. holes. 134 through 143 are mounting holes whlch.are used to mount a spill collar 147 (not 
shown). This spill collar 147 is shown in Figure 19 detailing the structure of the heated platen 14. sliding cover 316 and 

15 lead screw assembly 312. The purpose of the spill collar is to prevent any liquid spilled from the sample tut>es from get- 
ting insUe the instrument casing where it ooukl cause corrosion. 

Referring to Rgure 9, there is shown in cross-section a view of the support system and multi-zone heater 156 con- 
figuratfon for the sample biock 12. The sample block 12 is supported by four t)olts of which bolt 146 is typical. These 
four bolts pass through upright members of a steel support bracket 148. Two large coil springs 150 and 152 are com- 

20 pressed t)6tween a horizontal portion of the support bracket 148 and a steel pressure plate 154. The springs 150 and 
1 52 are compressed sufficiently to supply approximately 300 lbs. per square inch of force in the positive z direction 
ing to compress a film heater 1 56 to the bottom surface 1 1 6 of the sannple block 1 2. This three layer film heater structure 
is comprised of a nruHi-zonefilm heater 156, a silioone rubber pad 158 and a layer of epoxy resin foam 160. In the pre- 
ferred embodiment the f Hm heater 156 has three separately controllable zones. The purpose of the film heater 156 is to 

25 supply heat to the sample block 12 under the control of the CPU 20 in Rgure 1 . The purpose of the silicone ndsber pad 
158 is to lower the thermal conductivity from the film heater layer 156 to the structures betow. These fower structures 
serve as heat sinks and heat sources between which undesired heat energy may be transited to and from the sarrfsle 
block 12. The silioone rubber pad 158 has the additional function of compensating for suri^ce tnregularities in the film 
heater 156 since sortie film heaters embody nichronie wires and niay not 1)0 not perfectly 

30 The purpose of the steel plate 154 and the epoxy resin foam 160 is to transfer the force from the springs 150 and 
1 52 to the silioone rubber pad 1 58 and the muKhzone film heater 156 eo as to compress the film heater to the bottom 
surface 116 of the sample block with as flush a fit as possible. The epoxy resin foam shouU be stiff so is to not be 
crushed under the force of the springs but it should also be a good insulator and should have low thermal mass, le.. it 
should t>e a nondense structure: In one emtxxiiment the foam 1 60 is manufactured under the trademark ECKO foam. 

35 In alternative embodiments, other structures may be substituted for the silioone rubber layer 1 58 and/or the epoxy resin 
foam layer 160. For example^ a stiff honeycomb structure such is is used in airplane construction could be placed 
between the pressure plate 1 54 and the film heater 1 56 with insulating layers thereb^een. Whatever structure is used 
fa layers 1 58 and 1 60 should not absorb substantial anrK>unts of heat from the san^ 

heated and should not trarvsfer sut)stantial amounts of heat to the sample block 1 2 when the block is beng cooled. Per- 
40 feet isolation of the block from its sunrounding structures however, is virtually impossdile. Every effort should be made 
in designing altemative structures that will be in contact with the sample block 12 so as to tftennally isolate 0ie ean%ie 
block from its environment as much as possible to nrinirrtize the themnal mass of the btock and enable rapid tenfierature 
cftanges of tfie sample tslock and the sample mixtures staed therein. 

Precise temperature control of the sample block temperature is achieved by the CPU 20 in Figure 1 by controlling 
45 tiie amount of heat applied to the sample biock by the multi-zone film heater 156 In Figure 9. The film heater is driven 
using a modified form of pulse width nnxfulation. First; the 1 20 volt wavefdrm from the power Gne is rectified to preserve 
only half cycles of the same polarity. Then portions each fialf cyde are gated to tiie appropriate zones of the foil 
heater, with the percentage of each half cyde which is applied to the various zones of the foil heater t>eing controlled 
by the CPU 20. 

so Figure 10 illustrates one embodiment of a power control concept for ttie film heater 1 56. Figure 10 is a diagram of 
the voltage waveform of the supply Kne voltage. Rectification to eliminate the negative half cyde 162 occurs. Only pos- 
itive tialf cydes remain of which half cyde 164 is typical. The CPU 20 arxl its associated peripheral electrontc circuitry 
then controls the portion of each half cyde which is applied to the various zones of the film heater 1 56 by selecting a 
portion of each half cyde to apply according to a power level computed for each zone based upon equations given 

55 betow for each zone. That is. the divkJing line 166 is moved forward or backward afong the time axis to control the 
amount of power to the film heater based upon a nundMr of fectors which are related in a spedal equation fbr each 
zone. The cross-hatched area under the positive half cyde 164 represents tiie anxHint of power applied to the film 
heater 156 fbr the illustrated position of the dividing line 166. As the divkJing line 166 is moved to the right more pcwer 
is appfied to the fSm heater, and the san^ btock 12 gets hotter. As the dividing Ime is moved to the left along the time 
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axis, the cross-hatched area tjecomes smaller and less power Is appRed to the film heater. How the CPU 20 and its 
associated software and peripheral drcuitry control the temperature of block 12 will be described in more detail below 
The amount of power supplied to the film heater Is continuously variable from 0 to 600 watts. In altematlve eirtod- 
iments, the amount of power siq^plied to the f Bm heater 156 can be controlled using other schemes such as conputer 
5 control ever the cimrent flow through or voltage applied to a DC film heater or by the zero aossing switching schenw 
described below. 

In other embodiments, heating control of the sanple block 1 2 may be performed by control over the flow rate and/or 
temperature of hot gases or hot fiquid which is gated through heatoig control channials which are formed through the 
metal of the sample block 1 2. Of course In such alternative embodiments, the number of sample wells in the block would 

10 have to be reduced since there is no room fbr additional heating channels in the sample block 12 shown in Rgures 2 
through 8. Such alternative embodiments could still be compatible with the 96-well microtit«r plate format if. for exam- 
ple, every other well were removed to make room for a heating channel in ttie sample block This woukJ provide com- 
patibility only as to the dimensions of such microtiter plates and not as to the simultaneous processing of 96 different 
samples. Care must be taken to preserve local balance and local symmetry In these alternative embodiments. 

75 In tiie emlxxliment described herein, the maximum power that can be delivered to the block via the f ilm heater Is 
1 100 watts. This limitation arises from ttie thermal conductivity of the block/heater interface. It has been fourxJ experi- 
mentally tiiat the supply of more than approximately 1 1 00 watts to tiie film heater 1 56 will firequentiy cause'self-destruc- 
tion of the device. 

Typical power for heating or cooling when controlling block temperatures at or near target incubation temperatures 

20 is in the range of plus or minu&.60 watts. 

Refening to Rgure 1 1 , ttiere is shown a time versus temperature plot of a typical PCR protocol. Large downward 
changes in block temperature are accomplished by gating chilled liquid coolant tiirough the ramp cooling channels 
while monitoring the sample block temperature by the temperature sensor 21 in Figure 1 . Typically tiiese rapid down- 
ward temperature changes are cam'ed out during the ramp following the denaturation incubation 1 70 to the temperature 

25 of hybridization incubation 1 72. Typically, the user must specify the protocol by defining ttie temperatures and times in 
one fashion or another so as to desaibe to ttie CPU 20 ttie positions on ttie temperatore/time plane of ttie checkpoinls 
symbofized by ttie drded intersections between ttie ramp legs and ttie incubation legs. Generally, ttie incubation legs 
are martred witti reference numerals 170. 172 and 174 and ttie ramps are nwked with reference numerals 176. 178 
and 180. Generally ttie incubation intervals are conducted at a single temperature, but in attemative embodiments, ttiey 

30 may be stepped or continuously ramped to different temperatures wittiin a range of temperatures which is acceptable 
for performing ttie particular portion of the PCR cycle involved: Tliat is, ttie denaturation incUbotkm 1 70 need not be car- 
ried out at one temperature as shown in Figure 1 1. but may be earned out at any of a plurality of different temperatures 
wittiin the range of temperatures acceptable fbr denaturation. In some embocfiments; ttie user may specify the lengtti of 
tiie ramp segments 1 76, 1 78 and 180. In ottier embodiments, the user may only specify the temperature or tempera- 

35 tures and duration of each incubation interval, and ttie instrument will ttien move the temperature of the sample bkKk 
as rai»dly as possfole between incubation temperatures upon the completion of one incubation and ttie start of anotiier. 
In ttie preferred embodimem. ttie user can also fmve temperatures and/or incubation times whfoh are different fbr each 
cyde or which automatically increment on every cycle. 

The average power of ranp coofing during a transition from a 95'C denaturation incubation to a 35'C hybridization 

40 incubation is more ttian one kilowatt typically. This results in a temperature change tor the sample btock of apprcKi- 
mately 4^<'C per second when ttie block temperature is at the Ngh end of the operating range, and approodnriately 2*^0 
per second when ttie block temperature is at the tow end of ttie operating ranga Generally It is desirable to have as high 
a cooling rate as poss3)le for ramp cooling. 

Because so much heat is being removed from the sample block during ramp cooling, temperature gradients aaoss 

45 the sample block from one end of a ramp cooling channel to ttie ottier couki occur. To prevent this and minimize these 
types of temperature gradients, ttie ramp cooling channels are directionally interiaced. That is, in Figure 3; ttte direction 
of coolant flow through ramp oooOng channels 100, 102. 104. and 106 is into the page as symbolized by ttie x's insWe 
these ramp cooling channel holes. Ramp coolffig liquid flow in interiaced ramp cooling channels 101 , 103, 105. and 107 
is out of the page as symbolized by ttie single points in the center of tiiese ramp cooling channel holes. This interladng 

so plus the high f ksw rate ttirough the ramp cooling channels minimizes any temperature gradients which might ottieiwise 
occur using nonlnteriaced flow pattenis or lover f tow rates because ttie distances between ttie hot and ookl ends of the 
channels is made smaller. A skiwer flow rate results in most or aO of ttie heat being taken from the block in ttie first inch 
or so of travel which means that the input side of the btock will be at a lower temperature than the output side of ttie 
block. A high flow rate minimizes the temperature gradient along ttie channel. Interiadng means the hot end of ttie 

ss channels running in one direction are "sandwiched" between ttie cdd ends of channels wherein ftow is in ttie opposite 
direction. This is a smaller distance ttian ttie lengtti of ttie channel. Thus, temperature gradients are reduced because 
the distances heat must travel to eliminate ttie temperature gracfient are reduced. This causes any temperature gracfi- 
ents ttiat fomri because of coding in ttie ramp channels to be quickly efiminated before they have time to differentially 
heat some samples and not ottiers. Wittiout interiactng. one side of ttie sample btock woukJ be approximately 1 *C hotter 
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than the other side, (ntertadng results in dissipation of any temperature gradients that result in less than approximately 

15 seconds. 

In order to accurately estimate the amount heat added to or removed from the t)lock, the CPU 20 measures the 
block tenperature using temperature sensor 21 in Figure 1 and measures the coolant temperature by way of tempera- 
5 ture sensor 61 in Rgure 46 coupled to bus 54 in Figure 1 . The ambient ar temperature is also measured by way of tem- 
perature sensor 56 in Rgure 1. and the power line voltage, whidi controls the power applied to the fOm heaters on bus 
S2» is also measured. The thermal conductance from the sample block to ambient and from the sample block to the 
coolant arc known to the CPU 20 as a result of measurements made during an InitlaGzation process to set control 
parameters of the system. 

70 For good tenperature uniformity of the sample population, the blocK at constant temperature, can have no net heat 
f k)w In or out. However, temperature gradients can occur within the sample block arising from local flows of heat from 
hot spots to cold spots which have zero net heat transfer relative to the block borders. For instance, a slab of material 
which is heated at one end and cooled at the other is at a constant avemge.temperature If the net heat flow into the 
block is zero. However, tn this situation a significant temperature nonuniforn%, i.e.. a ternperature gradient, can be 

IS established within the slab due to the flow of heat from the hot edge to the cold edge. When heating and coding of the 
edges of the block are stopped, the flow of heat from the hot edge to the cold edge eventually dissipates this tempera- 
ture gradient and the thck reaches a urufomn temperature throughout which Is the average t>etween the hot tempera- 
ture and cool tenperature at the beginning of heat fkiw. 

If a slab of cross sectional area A in length L has a uniform thermal conductivity K. and the slab is heU at constant 

20 average temperature because heat influx from a heat source 0^ is matched by heat outf k)w to a heat sink the 
steady state temperature profile which results from the heat f kiw is: 

Delta To-^ (1) 

25 Where. 

Delta T « the temperature gradient 
L s the thermal path length 
A the area of the tfiermal path 
30 Kb the thennal conductance through the path 

In general, within any material of uniform thermal cdnductarx^ the temperature gracient will be established in pro- 
portion to the heat f kyw per unit area. Heat flow and temperature nonunHdrniity are thus intimately linked: 

Practically speaking. H is not possble to control the temperature of a sample block without some heat f bw in and 
35 out The cokJ bias control cooling requires some heat f tow in from the strip heatera to balaiice the heat removed by the 
coolant f kswtfig through the bias cooling channels to maintain the block tianrperature at a stable value. The key to a imi- 
fam sample block temperaturie under these conditions is a geometry wNch has local balance* and "tocal symmefry" 
of h^ sources and heat sinks both statically and dynamically. arxJ which is arranged such ttiat any heat f k)w flfom hot 
spots to cold spots occurs only over a short distanca 
40 Stated briefly, the concept of "static kx»l balance* means that in a bk>ck at constant tenperature where the total 
heat input equals the total heat output, the heat sotirces and heat sinte are arranged such thai wHNn a distinct local 
region, all heat sources are completely t)alanced tiy heat sinks in terms of heat f tows in and heat f tows out of the bkxk. 
Therefore, each tocal region, if isolated, wouU be maintained at a constant temperature 

The concept of "static local symm^ry" means that, within a local region and for a constant tenperature, the center 
45 of mass of heat sources is coincident witfi the center of mass of heert sinks. If this were not the case, within each tocal 
region, a temperature gradient across each tocal region can exist which can add to a tenperature gradient in on acj|a- 
cent local region thereby causing a gradient across the sanple block whtoh is twice as large as the size of a single tocal 
region because of lack of local symmetry even though local balance within each local regton exists. The concepts of 
local balance and tocal symmetry are iirportant to the achievement of a static temperature t>alance where the temper- 
so ature of the sample btock is being maintained at a constant level during, for example, an incubation intenral. 

For the dynanvc case where rapid temperature changes in the sample btock are occurring, the thermal mass, or 
heat capacity of each local region becomes inportant. This is t>ecause the amount of heat that must ftow Into each local 
region to change its tenperature is proportkmal to the themrtal mass of that region. 

Therefore, the concept of statto tocal balance can be expanded to the dyrmmic case by requiring that if a local 
ss re^on includes x percent of the total dynamto heat source and heat sink, it must also include x percent of the thermal 
nfiass for "dynanr^ local b^ance* to exist Likewise, "dynan^ 

capacity k>e cdrickient with the center of mass of dynamic heat sources and sinks. What tfiis means in sinple terms is 
that the thermal mass of the sample block is the metal thereof, and the machining of the sample btock must be symmet- 
rical and balanced such that the tolal mass of nialal within each loc^ Further, the center of mass of 
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the metal in each local zone shouicl be coincident with the center of mass of the dynamic heat sources and sinks. Thus, 
the center of mass of the muHi-zone heater 1 56, i.e., its geometric center, and the geometric center of the bias and ranp 
cooling channels must coincide. From a study of Rgures 2-9, it will be seen from the detailed discussion below that both 
static and dynamic local balance and local symmetry exist in sample block 12. 

Figure 12 illustrates two local regions side by side for the design of the sample block 12 according to the teachings 
of the invention. In Figure 12, the boundaries of two local regions, 200 and 202, are marked by clashed lines 204. 206 
and 208. Figure 12 shows that each local region which Is not in the guard band is comprised of: two columns of sarrple 
wells: a portion of the foil heater 1 56 which turns out to be 1/8th of the total area of the heater; one ramp cooling channel 
such as ramp cooling channels 210 and 212; and, one bias cooling channel. To preserve local symmetry, each local 
region is centered on its ramp coding channel and has one4ialf on a bias cooling channel at each boundary. For exam- 
ple, local region 200 has a center over the ramp cooling channel 210 and bias cooling channels 214 and 216 ore dis- 
sected by the local region boundaries 204 and 206, respectively. Thus the center of mass of the ramp cooling channel 
(the middle therecO. coincides (horizontally) with the center of mass of the bias cooling channels (the center of the local 
region) and with the center of mass of the film heater portton coupled to each local regton. Static local balance will exist 
in each local region when the CPU 20 is driving the film heater 156 to input an amount of heat energy that is equal to 
the amount of heat energy that is being removed by the ramp cooling and bias cooling channels. Dynanwc local balance 
for each local region exists because each local regfon in the center portion of the block where the 96 sample mixtures 
reskie contains approximately 1 /Bth the total thermal mass of the entire sample block, contains 1/8tti of tiie total nurT«>er 
of ramp cooling channels and contains 1/8tii of the total number of bias cooling channela Dynamic local symmetry 
exists for each local region. k>ecause the center of mass of the metal of each local region is horizontally coincident vwth: 
the center of film heater portion underlying the focal region; the center of the ramp cooling channel; and, the center of 
mass of ttie two half bias cooling channels. 

By virtue of these physfoal properties characterized as static and dynantic focal balance and local symmetry, tiie 
sample block beats and cools all samples in the population much more uniformly than prior art thermal cyclers. 

Referring to Rgure 2. the pten view of tiie boundaries of the local regions are illustrated by dashed lines 217 
through 225. Inspection of Rgure 2 reveals that ttie central region of tiie 96 sample wells are divKled into six adjacent 
local regions bounded by boundaries 218 tiirough 224. In additioa two guard band focal regions are added at each 
edge. The edge local regfon (focal regions are sometimes herein also called local zones) having the most negative x 
coorcfinate is bounded by boundary lines 217 and 218. The edge local region having the nfx)st positive x coordinate is 
bounded by boundary lines 224 end 225. Note that ttie edge local regions contain no sample well columns but do con- 
tain tiie groove 78 simulating a colunvi of wells. The deptti and widtii of tiie groove 78 is designed to remove the same 
metal mass as a column of wells ttiereby somewhat preserving dynamfo local symmetry. The edge focal zones are 
ttierefore (Afferent in tiiemial mass (ttiey also have additional thermal mass by virtue of the external connections such 
as manitokte and stpport pins) than tiie six focal zones in ttie central part of ttie sample btodc This difference is 
accounted for by heating ttie ejge focal zones or guard bands witii separately controllable zones of said multizone 
heater so ttiatmae energy may be put into ttie guard band than ttie central zone of ttie block 

Hie local regions at each edge of ttie block approximata, but do not exactiy match ttie ttiermal properties of ttie six 
centrally located local regions. The edge focal regions are caDed "guard band" regions because they complete a guard 
band which runs around ttie periphery of the sample block 1 2. The purpose of this guard band is to provide some ttier- 
mal Isolation of ttie central portion of tiie sample block containing tiie 96 sample wells from uncontrolled heat sirte and 
sources inherentiy embodied in mechanfoal connections to ttie block by such ttilngs as support pins. manHblds, drip col- 
lars and ottier devices wtvch must be mechanfoally affixed to ttie saniiple block 12. For example in Rgure 2, ttie edge 
surfaces 228 and 230 of the sanrple block have plastic nranifoWs attached ttiereto which can-y oodant to and from ttie 
ramp and bias cooling passages. The guard band along edges 228 and 230 consists of portions of tiie sfot 78 whfoh 
are parallel to and closest to ttie edges 228 and 230. The deptti of ttie groove 78 is^such that the bottom of ttie groove 
is as dose to ttie perimeters of ttie bias and ramp coding channels as is possflMe witiiout actually intersecting ttiem. 
The wkfth of the groove 78 coupled witii ttiis deptti is such ttiat ttie volume of metal removed by ttie sfot 78 between 
pdnts 82 and 232 in Rgure 2 approximately equals the volume of metal renwed by ttie adjacent row of sanpe wells 
starting witii sample weQ 234 and ending witti sample well 83. Also, ttie slot 78 all around ttie perimeter of ttie block is 
located approximately where such an additional row of wells wouki be if ttie periodic pattern of sanple wells were 
extended by one row or column of wells in each direction. 

Atong ttie edges 250 and 252 where ttie support connedfons are made to ttie sampte block, ttie guard band local 
regions contain, in adcfition to a portfon of ttie slot 78, ttie full lengtti of several cooling channels. Refening to Rgure 3, 
ttiese include: 1/2 of a bias coding channel (e.g., 92) which merges witti ttie acQacent 1/2 b'as coding channd of ttie 
acljacent focal region to fonm a whde bias cooling channel; a ramp coding channd (e.g.. 100): and a whole bias cooling 
channd (e.g.. 91). F6r ttie edge local region at edge 250. ttiese coding channels are 107, 198 and 99*. 

The whole bias coding channels in ttie guard bands are sUghtiy displaced inward from ttie edge of ttie dock. The 
reason ttiat ttiese whde bias cooHng channels are used is because a "half cooling channd is impractical to buikl. Since 
ttie bias coding channels require such a ttiick walled rubber lining, it woukJ be difficult to keep a hofo ttuough a Gning of 



EP0810030A1 



a "haT bias cooling channel reliably open. This asynrwnetry in the edge local regions causes a small excess loss of heat 
to the coolant from the edge guard band local regions, but it Is sufficiently remote from the central region of the sample 
block containing the sample wells that its contribution to sample temperature nonuniformities Is small. Also, since the 
tenperature affects of this small asymmetry are predictable, the effect can be further minimized by. the use of a sepa- 
rately controllable zone of the multi-zone heater system under each guard band. 

Referring to Rgure 13. there are shown three separately controlled zones within the film heater layer 156 in Figure 
9. These s^rately controlled zones include edge heater zones which are situated under the guard bands at the 
exposed edges of the sample block 12 which are coupled to the support bracket 148. There are also separately con- 
trolled manifokl beater zones situated under the guard bands for the edges 228 and 230 whk^h are attached to the cool- 
ant manifbkis. Rnally. there Is a central heater zone that underlies the sample wells. The power applied to each of these 
zones Is separately controlled by the CPU 20 and the control software 

The film heater 156 is composed of a pattern of electrical conductors formed by etching a thin sheet of metal alloy 
such as InooneP*. The metal alk>y selected should have high electrical resistance and good resistance to heat The pat- 
tern of conductors so etched is bonded between thin sheets of an electricany insulating polymeric material such as Kap- 
ton™. Whatever material is used to insulate the electrical resistance heating element the material nrwst be resistant to 
high temperatures, have a high delectric strength and good mechanical stabifity. 

The central zone 254 of the f flm heater has appropdmately the same dimensions as the central portk>n of the sample 
block insMe the guard K>ands. Central region 254 delivers a uniform power density to tfie sanple wen area. 

Edge heater regions 256 and 258 are about as wide as the edge guard bands but are not quite as tong. 

Manifold heater re^ons 260 and 262 underiie the guard bands for edges 228 and 230 in Figure 2. 

The manifoki heater zones 260 and 262 are electrically connected together to form one separately conbroliable 
heater zone. Alsoi the edge heater sections 256 and 258 are electrically coupled together to fomn a second separately 
controllable heater zone. The third separately controllable heater zone is the central section 254. Each of these three 
separately controllable heater zones has separate electrical leads, and each zone is controlled by a separate control 
algorithm which may be run on separate microprocessors or a shared CPU as is done in the prefenred embodiment. 

The edge heater zones 256 and 258 are driven to compensate for heat lost to the support brackets. This heat loss 
is proportional to the temperature difference between the sample block 1 2 and the ambient air surrounding it The edge 
heater zones 256 and 258 also compensate for the excess loss of heat from the sample bk)ck to the full bias cooling 
channels at each edge of the block This heat loss is proportional to the tenperature difference between the sample 
block 12 and the coolant flowing through these bias cooling channels. 

The manifbkJ heater sections 260 and 262 are also driven so as to conpensate ^ 
manifolds 266 and 268 in Rgure 1 3 which are attached to the edges of the sample block 1 2. The power for the manifokJ 
heater sections 260 and 262 compensates for heat toss which is proportkmal mainly to the terrperature deference 
between the sample block and the coolant, and to a lesser degree, between the isample block and the ambient air. 

For practical reasons, it is not possible to match the thermal mass of the guard band local regions with the themfial 
masses of the local regions winch include the sample wells overlying central heater section 254. For example, the plas- 
tic coolant manifokJs 266 and 268 not only conduct heat away from the guard band, but they also add a certain amount 
of themial mass to the guard band local regions to wtiich they are attached. The result of this is that difiing rapid btock 
temperature changes, the rates of rise and fall of guard band temperature do not exactly match that of the sample well 
local regions. This generates a dynamic tenperature gradient between the guard bands and sample wells, which if 
allowed to become large, could persist for a time whtoh Is longer than is toleraUa This temperature gradient elltet Is 
roughly proportional to the rate of change of btock temperature and is ntinimized by adding or deletihg heiat from each 
guard t>and local zone at a rate which is proportional to the rate of change of block temperature. 

The coefficients of prcportionality for the guard band zone heaters are relatively stable properties of the design of 
the system, and are detenmined by engineering measurements on prototypes. The values for these coefftoients of pro- 
portionality are given below in oonnectton wHh the definitiohs of the terms of Equattons (3) through (5). These equations 
d^ine the amounts of power to be applied to the manifold heater zone, the edge heater zone and the central zone, 
respectively in an alternative embodiment The equations used in the preferred embodiment are given below In the 
description of the software (Equations (46)-(48). power distributed by area). 

where. 

Pm - power suppfied to the manifold heater zones 260 and 262. 

area of the manifokJ heater zone. 
P« power needed to cai^e the btock tenperature to stay at or nriove to the desired t 

ticutar time in a PCR thermal cyde protocol. 
Kmi « an e)q96rinr)enta!lyd6lenfraneda>nslam of proportionality to a 
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through the manifolds, equal to 0 watts/ degree KeMn. 

Km2 an experimentally determined constant of proportionality to compensate for excess heat loss to the cool- 

ant, equal to 0.4 watts/degree Kelvin. 
Km3 » an experimentally determined constant of proportionality to provide extra power to compensate for addi- 
5 tional thermal mass of the manifold edge guard bands caused by the attachment of the plastic manifolds 

etc.. equal to 66.6 watt-secorxfe/degree Kelvin. 
Tblk = the temperature of the sample block 1 2. 
"^AMB = ^6 temperature of the ambient air. 
"^000. = the tenperature of the coolant 
10 dtBLK^dt= the change in sanrple block temperature per unit time. 
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Pg = AgP + K e,(Tblk • Tamb) + *^E2 (Tblk • Toool) + Kgg (dteix/dt) (4) 



where. 



Pe» power to be applied to the edge heater zones 
Ags the area of the edge heater zones 
20 K^i a an experimentally determined constant of proportionality to compensate fbr excess heat loss to ambient ; 
through the mani16ld&. equal to 0.5 watts/degree Kelvin. 
Ke2 - an experimentally determined constant off proportionaEty to compensate for excess heat foss to the coolant, 

equal to 0. 1 5 watts/degree KeMn. 
Ke3 b an experimentally determined constant of proportionality to provide extra power to compensate for additional 
25 thermal mass of the exposed edge guard bands caused by the attachment of the sample block 1 2 to the sup- 

port pins and bracket, the temperature sensor etc., equal to 15.4 watt-sec/idegre^^ 



30 P^ = AcP (5) 

where 

Pc« the power to be applied to the central zone 254 of the muHi-zone heater. 

35 Ac» the areaof the central zone 254. 

In each of Equations (3) through (5), the power term. P is a variable which is calculate by the portion of ttie control 
algorithm run by the CPU 20 in Rgure 1 which reads ttie user defined selpoints and determines what to do next to 
cause the sample block temperature to stay at a* t>ecome the proper tenrperature to implement the PCR temperature 

40 protocol defined by the time and temperature setpoints stored in memory by the user. The manner in which the setr 
points are read arti the power density is calculated will be describe . 

The control algorithm run by CPU 20 of Rgure 1 senses the temperature of the sample btock via tenperature sen- 
sor 21 in Figure 1 and Rgure 9 and bus 52 in Rgure 1 . This temperature is differentiated to derive the rate of change 
of temperature of the sample block 12. The CPU then measures the temperature of the ancient air via temperature 

45 sensor 56 in Rgure 1 and measures the temperature of the coolant via the temperature sensor 61 in the coolant control 
system 24 shown in Rgure 46. The CPU 20 then computes the power factor correspond ng to the particular segment 
of the PCR protocol being implemented and makes three calculations in accordance with Equations (3), (4) and (5) by 
plugging in all ttie measured temperatures, ttie constants of proportionality (wNch are stored In nonvolatile menmy). 
the power factor P fbr that particular iteration of the control program and the areas of tfie various heater zones (which 

so are stcn-ed in nonvolatile memory). The power factor is the total power needed to move the block temperature from Hs 
current level to the temperature level specified the user via a setpotnt. More details on the calculatfons perfonmed by 
the CPU to control heating and cooling are given k>ek3fw in the description of the control software "PID tasl^. 

After the reqinred power to be applied to each of tiie three zones of the heater 1 56 is cafoulated. another calculation 
is made regarding ttie proportion of each half cyde of input power which is to k)e applied to each zone in some embod- 

55 iments. In the preferred embodiment described befow. the calodation mode is how many half cycles of tiie total number 
of half cycles which occur during a 200 ntilliseoond sample period are to be applied to each zone. This process is 
described below in connection wiUi ttie discussfon of Figures 47A and 47B (hereafter referred to as Figure 47) and ttie 
'PID Task" of ttie control software In ttie altemative ^rtxxiiment symbolized by Rgure 10, the computer cateulates for 
each zone, ttie position of ttie dividing line 166 in Figure 1 0. After ttils calculation is perfonmed, appropriate control sig- 
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nals are generated to cause the power supplies for the mufti-zone heater 156 to do the appropriate switching to cause 
the calculated amount of power for each zone to be applied thereta 

In alternative embodiments, the nrulti-zone heater can be implemented using a single f9m heater which defivers 
unifam power density to the entire sample tkxK plus one or two additional film heaters with only one zone apiece for 
5 the guard bands. These additional heaters are superimposed over the single film heater that covers the entire sample 
block. In such an embodiment, only the power necessary to make up the guard band losses is delivered to the addi- 
tional heater zones. 

The power factor P in Equations (3) through (5) is calculated the CPU 20 for various points on the PGR temper- 
ature protocol based upon the set points and ramp times specified by the user. However, a limitation is imposed based 

10 upon the maximum power delivery capablGty of tiie zone heater mentioned abova 

The constants of proportionality in Equations (3) through (5) must be property set to adequately compensate for 
excess heat losses in the guard band for good temperature uniformity. 

Ref^ng to.Figure 1 7. there Is shown a graph of the.dlfferences t>etween odculated sample.temperatures for a plu- 
rality of different sample in response to a step change in block temperature to raise the temperature of the sample block 

IS toward a denaturation incut)ation target temperature of approximately 94''C from a sukastantially lower tenrperatura Fig- 
ure 17 illustrates the calculated sample liquid temperatures when the multi-zone heater 156 is properly managed using 
the constants of proportionality given abcve In the definitions of the terms tor Equations (3) through {S). The various 
wells which were used to derive the graph of Figure 1 7 are indicated thereon by a single letter and numt>er conri^ination. 
The 8 x 12 well array showing Figure 2 is coded t>y lettered columns and numbered rows. Thus, for example, sample 

20 well 90 is also designated sample well A1 2, while sample well 89 is also designated sample weD B12. Likewise, sample 
well 68 is also designated sample well D6, and so on. ^k^te that the well temperalures settle in asymptotically at tem- 
peratures which are within approximately O.S^'C of each other because of tiie overall thermal design descrfoed herein 
to eliminate terrperature gradients. 

The foregoing description illustrates how the sample block temperature may be controlled to be uniform and to be 

25 quickly changeable. However, in tiie PGR process, it is the temperature of the sample reaction mixture and not the block 
terrperature that is to be programmed. In the preferred enftxxfiment according to the teachings of the invention, the 
user specifies a sequence of target temperatures for tiie sample liquid itself and specifies tiie Incubation times for the 
sample liquid at each of these target temperatures for each stage in the PGR process. The GPU 20 then manages the 
sample block temperature so as to get the sample reaction mixtures to the specified target incubatfon terrperatures and 

3a to hold tiie sample mixtures at these target temperatures for the specified incut>ation times. The user interface code run 
by tiie CPU 20 displays, at all stages of this process, the cunrent cafoulated sample liquid temperature on the display of 
terminal 16. 

The difficulty with displaying an actual measured sample temperature is that to measure the actual temperature of 
the reaction mixtore requires insertion of a terrperature measuring probe therein. The thermal mass of the pitbe can 

35 significantiy alter the temperature of any well in which it is placed since the sample reaction mixtore in any particular 
well is often only 100 microlKers in volume. Thus, the mere insertion of a tenperature probe into a reaction mixture can 
cause a tenperature gradient to exist between that reaction mixture and neighboring mixtores. Since the extra thermal 
mass of the temperature sensor would cause the reaction mixture in which it is Immersed to lag t>ehind ffi temperature 
from tiie temperatures of tiie reaction mixtures in other wells that have less thermal mass, enors can result in the ampO- 

40 ficationsinply by attempting to measure the temperature. 

Accordingly, the Instrument descnlied herein catoulates the sample tenperature from known factors such as the 
block tenperature history and the thermal time constant of the systm and (fisplays this sample temperature on the dis- 
play It has been found experimentally for tiie system described herein that If the sample tubes are pressed down into 
the sample wells with at least a minimum ttireshoM force F, then for the size and shape of the sample tubes used in the 

45 preferred embodiment and the sample volumes of approximately 100 miaoliters. thenmally driven convection occurs 
within tiie sample reaction mixture and tiie system acts thermally like a single time constant, linear system. Experi- 
ments have shown that each sample Xdbe must be pushed down with approximately 50 grams of force for good well- 
wall'to-liquid thermal conductivity from well to well. Ihe heated platen design descrfoed betow is designed to push 
down on each sample tul3e vvfth about 100 grans of fdrca This mining 

so 15, is necessary to insure that regardless of slight differences in external dimensions as between various sample tut>es 
and various sample weDs in the sample tilocK they all win be pushed down with sufficient force to guarantee the snug 
and flush fit for each tube to guarantee uniform thermal conductivity. Any design which has some sample tii>e8 with 
loose fits in their corresponcfing sample wells and some tubes with tight fits will not be able to achieve tight temperature 
contrd for an tukies because of non-uniform thermal conductivity. An insu^ 

55 response of the sanple liqukJ to a step change in block tenperature as shown at 286 in Figure 1 4. An adequate level 
of force F results in the temperature response shown at 282. 

The result achieved t>y the apparatus constructed according to the teachings of the invention is that the tempera- 
ture of each sample mixture behaves as if the sample is being well mixed physically during transitfons to new tempera- 
tures. In fact because of the convection currents caused in each sample mixture, the sample reaction mixtore in each 
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sample tube js being well mixed. 

The surprising result Is that the thermal behavior of the entire system is like an electrical RC drcuit with, a single 
time constant of 9 seconds which is about 1 .44 times the half-life of the decay of the difference between the block tem- 
perature and the sample temperture. A GeneAmp® sample tube filled with 50 millileters of sample has a time constant 
of about 23 seconds. In other words, during an upwaid change in temperature of the sample block the temperature of 
the reaction mixture acts like the rise in voltage on the capacitor C In a series RC electrical circuit like that shown in 
Figure 1 6D in response to a step change in the voltage output of the voltage source V 

To illustrate these concepts, refer to Figure 1 4 whfch shows different temperature responses of the sample Bquid to 
a step change in block temperature and to Figure 15 which shows a cross section through a sample wellAsample tube 
combination. It has been found experimentally that when tiie volume of sample IqukJ 276 is approximatety 100 micro- 
liters and the dimensions of the tube are such that tiie meniscus 278 is located below the top surfoce 280 of the sarrple 
block 12. and the force F pushing the sanrple tube into the sample well Is at least 30 grams, the thermal time constant 
X (tau) of the system shown in Rgure 15 is approximately nine seconds tor a sample tube wall thickness In the conical 
section of 0.009 inches (dimension A). It has also been found experimentally that for these conditions, the ttiermal time 
constant t varies by about 1 second for every 0.001 Inch change in waR thickness for the sample tube frustum (cone). 
The thin-walled sample tubes descrit>ed herein have been found to have thermal time constants of from about 5 to 
about 14 seconds when containing from 20 to 100 mlopliters of sample. Thicker tube walls result in longer time con- 
stants and more lag between a change in sample block temperature and the resulting change in sample IkfukJ temper- 
ature. 

Mathematically, ttie expression for the thermal response of the sample Ik^ukl tenperature to a change in tenrpera- 
ture of ttie sample block is:. 

tsanvie'ATd-e-^^) (6) 

where 

ttie temperature of the sample liquid ,. 
the temperature difference between the temperature of tie sample block 12 and ttie temperature of ttie 

sample liquid 
elapsed time 

ttiermal time constant of ttie system, or ttie heat capacity of sample divided by ttie thermal conductance 
from sample well wall to ttie sample liquid 

In Rgure 14, the cun^e 282 represents ttiis exponential temperature response to a theoretical step change in sam- 
ple block temperature when ttie force F pushing down on ttie sample tube is suff fcientiy high. The step change in tem- 
perature of ttie sample block is shown as function 284. witti rapid rise in temperature starting at time T^. Note how ttie 
temperature of ttie sample Kqind exponentially increases in response to ttie step change and asymptotically 
approaches ttie final sample block temperature As mooned bri^ly above, ttie curve 286 represents ttie ttiermal 
response when ttie downward seating force F in Rgure 1 5 is insuff k^ent to cause a snug , flush fit between ttie cone of 
ttie sample tube and ttie wan 290 of ttie sample well. Generally, ttie ttiermal response of curve 286 will result if ttie force 
F is less ttian 30 grams, r^e ttiat alttiough Figure 15 shows a small layer of air between ttie oone of the sample tube 
and ttie sanple weU wall for clarity, ttits is exactiy ttie oppc^e of ttie desired situation since air is a good insulator and 
vvouM substaritially increase ttie ttiernriat tinrie constant of ttie systera 

The ttiermal time constant x is analogous to ttie RC time constant in a seri^ RC drcuit where R corresponds to 
the ttiermal resistance between ttie wall of ttie sample well and ttie sample IquxJ and C is ttie heat capacity of the sam- 
ple Ikiukl. Themnal resistance is equal to ttie inverse of ttiermal conductance which is expressed hi units vi/atts-seconds 
per degree Kelvin. 

Because of the convection currents 292 shown in the sample lk|uki in Rgure 1 5, everywhere in the reaction mixture 
the sample liqukJ is at very nearly the same temperature, and the flow of heat t>etween ttie block and the sample is very 
neariy proportional to ttie difference in temperature between ttie sample block and ttie sample reaction mixtura The 
constant of proportionality is ttie ttiemial conductance between ttie waO of tiie sample well In ttie sample block 1 2 and 
the reaction mixture. For different sample volumes or different tut>es. i.e.. different wall ttiicknesses or materials, the 
ttiermal time constant will k>e different. In such a case, the user can as part of has specification of the PCR protocol enter 
ttie sample volume or tube type and the machine will automatically look up the correct thermal time constant for use in 
cateulating ttie sample terrperatura In some embodiments, ttie user may enter the actual time constant and ttie 
niacNne win use ft for sarnple teniperature tenfperature calculation^ 

To ke^ the ttiermal time constant as small as possible, ttie conical walls of ttie sample tubes shouM be as ttim ^ 
possible. In ttie preferred entxxiiment. these conical walls are 0.009 inches thtek whereas ttie walls of ttie cylindrical 
portion of ttie sanrv)ie tube are 0.030 inches thick. The conical shape of ttie sample tube provxies a relatively large sur- 
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face area of contact with the metal of the sanple well wall in relation to the volune of the sample mixture. 

Molcfing of the sample tut>es is done using a "cold runner* system and a four cavity mold such that four sample 
tubes are molded at each injection. The molt^ pla^c is injected at the tip of the sample tut>e cone so that any remnant 
of plastic will prpject into the cavity 291 between the tip of the sample tube and the tip of the sample well. This prevents 
any remnant from interfering with the flush fit between the tube and the well. A maximum limit of 6.030 inches Is placed 
on the size of any remnant plastic. 

In various embodiments, 3 different grades of polypropylene each with cBfferent advantages can be used. The pre- 
ferred polypropylene is PD701 from Himont because it ^ autodavable. However this plastic is difficult to nrxM because 
it has a low melt index. Th^ plastic has a melt index of 35 and a molecular density of 9. PD701 tends to leave flash and 
creates somewhat spotty quality parts txjt would work better if it was injected into the thick walled part of the mold 
instead of at the tip of the conical section as is cun^errtly done. Generally, it is desirable to have a high melt index for 
ease of molding txit also a high molecular density to maintain good strength and to prevent crazing or cracks under the 
thermal stress of the autodaving process at 260"*^ Anoth^ plastic, PPW 1 780 from American Hoescht has a melt index 
of 75 and a molecular density of 9 and is autodavable. Another plastic which m^ be used in some embodiments is 
l^imont 444. This plastic is not autodavable and needs to be sterilized in another manner. 

In attemative embodiments, the tut>es may be nx>lded using a "hot runner" or "hot rtozzle" system where the tem- 
perature of the molten plastic is oontroDed right up to the gate of the mold; Alsa in some embodiments, multiple gates 
may be used. However, neither of these techniques has t>een 6)qperimentaily proven at the time of f Oing to be better than 
the currently used **oold runner* system. 

The fact that the system acts thermally like a single time constant RC drcurt is an important result, because it 
means that if the thern^al corxJuctance from the sample block to the sample reaction mixture is known and uniform, the 
thermal response of the sample mixtures will be known and uniform: Since the heat capacity of the sample reaction 
mixture is known and constant, the tenpeirature of the sample reaction mixture can be computed accurately using only 
the measured history of the block temperature over time. This eGnrunates the need to measure the sample temperature 
thereby eliminating ttie errors and mechanical difficulty of putting a probe with nonnegligible tiiermal mass into a sample 
well to measure the sample temperature directly therein changing the ttiermal rhass of the sample in the probed well. 

The algorithm which makes this catoulatkm models the thermal behavia of the system after a single tinne constant 
series R-C electrical drcuit. This nxxJel uses the ratio of the heat capacity of the liquid sample cSvkJed by the thermal 
conductance from the sample block to tiie sample reaction mixture. The heat capacity of the sample reaction mixture is 
equas to the specific heat of the lk|uid times the mass of the liquid. The thenmal res istance is equal to u i e over tfi e th er- 
mal conductance from the sarrple block to the liquid reaction mixture through ttie sample tube walla When this ratio of 
heat capacity divided by thermal conductance is expressed in consistent units, it has the dimenskm of time. For a fixed 
sample volume and a fixed sample composition both of which are the same in every sample well and a fixed thermal 
conductance, the ratio is also a constant for every sample well, and is called tiie therrnal time coristant of ttie system. 
It is tiie time required for the sarrple temperature to come wittiin 36.8% of the block temperature after a sudden step 
change in the bfock temperature. 

There is a mathematical ttieorem used, in the analysis of electronic drcuits tiiat hokis that it is i30ssible to cakiiilate 
the output response of a fflter or other linear system if one knows the imptdse response of the system. This inrpulse 
response is also known as the transfer function. In the case of a series RC drcuit. the impulse response is an e)ponen- 
tial function as shown in Figure 16A. The impulse stimulus resulting in the response of Rgure 16A is as shown in Figure 
16B. The mathematical theorem refenred to above holds ttiat the o^ 

mined by catoulating the convolution of the input signal and a weighting function where the weighting function is ttie 
impulse response of the system reversed in tima The cortvolution is otiienwise known as a running wetgfited average 
altfiough a convolution is a concept in calculus with infinitely small step sizes whereas a running weighted average has 
discreet step sizes, i.a. multple samples; The impulse response of the series RC drcuit shown in Figure 16D as ouch 
that when the voltage of ttie voltage generator: V suddenly rises and falls witti a spike of voRage as shown in Figure 1 6B. 
the voltage on the capacitor C suddenly rises to a peak at 294 in Rgure 16A which is equal to the peak voltage of the 
impulse shown in Rgure 1 6B and ttien exponentially decays back to the steady state voltage . The resulting weight- 
ing function is the impulse response of Rgure 16A.tumed arourxl in time as shown in Rgure 16C at 385. 

Superimposed upon Rgure 16C is a hypottietical curve 387 illustrating a typk:al temperature history for ttie tiemper- 
atureof ttie sample block 12 for an approximate step change m temperature. Also shown superimposed lipoii Figure 
16C are the times of five temperature sample periods labelled Ti ttirough T5. Aocorcfing to ttie teachings of ttie tnv&v 
tion, the sample temperature is cateulated by multiplying ttie temperature at each one of ttiese times T^ ttirough T5 by 
ttie value of ttie weighting function at ttiat particular time and ttien summing all these products and dividing 5. The 
fact that the thermal system ads like a single time constant linear drcuit is a surprising result based upon the complex- 
ities of ttiernrial heat transfer a)nsklera6oris fbr ttiis 00^ 

In one embodiment, ttie calodation of ttie sample temp^ature is adjusted by a short delay to account for transport 
lag caused by different ttiermal patti lengttis to ttie bfock temperature sensor and ttie sample lK|ukJ. The calculated sam- 
ple tenrperalure is displayed fbr ttie user^ information on ttie temninal 1 6 shown in Rgure 1 . 
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Rgure 17 shows the temperature response results for six different wells spread throughout the 96 well sanple 
kslock for a step change In sample tAock temperature from a relatively lower temperature In the hybridization/extension 
temperature range to the relatively higher temperature of approximately 94**C used for denaturation. The graph of Rg- 
ure 1 7 shows good agreement between the predicted exponential rise in sample temp&ature if the system were per- 
fectly analogous to the series RC circuit shown in Rgure 16D, and also shows excellent urtifomiity of temperature, 
response in that the temperatures of the six sample weUs used for this study asymptotically settte in at temperatures 
very dose to each other and in a denaturation temperature lolerance" band which ^ approximately 0.5**C wide. 

In one embodiment, the ten most recent Wock temperature samples are used for the running weighted average, but 
in other embodiments a different number of tempersature history samples may be used. The good agreement with the- 
oretically predicted results stems from the fact that the thermal convection currents make the sample liquids well mya&A 
thereby causing the system to act in a linear fashion. 

The uniformity between sample temperatures in various sample wells spread throughout tiie 96 weD anay results 
from dynamic and static local balance and local symmetry in the sample block structure as well as all the other thermal 
design factors detailed herein. Note however that during rapkJ temperature changes afl the sample wells will have tem- 
peratures within O.S^C of each other only if the user has carefully loaded each sample weO with the same mass of sam- 
ple liquid. Inequality of mass in different wells does hot cause unequal temperatures in steady state, ^unchanging 
conditions, only during rapid changes. The mass of the ^mple liquid in each well is the dominant factor irrtietermining 
the heat capacity of each sample and. therefore, Is the dominant tactor in the thermal time constant for that particular 
sample well. 

Note that the ability to cause the sample liquid in all the sample wells to cyde up and down in temperature in unison 
and to stabilize at target temperatures very near each other, i.e.. in tolerance bands that are only O.S^'C wide, also 
depends upon the force F in Figure 15. This force must exceed a minimum threshold force before the themnal time con- 
stants of all sample wells k)aded with similar masses of sample liquid will have the same tinrw constant This nvnimum 
threshold force has been experimentally detennined to be 30 grams for the sample tube and sample well configuration 
described herein. For higher levels of accuracy, the minimum threshold force F in Figure 15 should be estabfished at at 
least 50 grams and preferably 1 00 grams for an additional margin of safety as noted abova 

The importance of thermal unifomiity in sample well temperature can be appredated by reference to Rgure 18. 
This figure shows the relationship between the amount of DNA generated in a PCR cyde and the actual sample tem- 
perature during the denaturation interval for one instance of amplification of a certain segment of DNA. The slope of 
function 298 between temperatures 93 and 95 degrees centigrade is approximately 8% per degree centigrade for this 
particular segment of DNA and primers. Rgure 1 8 shows the general shape of the curve which relates tiie amount of 
DNA generated by amplification, but the details of the shape of the cuxve vary with every different case of primers and 
DNA target Temperatures for denaturation above 97 degrees centigrade are generally too hot and result in decreasing 
amplification for increasing denaturation temperature. Temperatures between 95 and 97 degrees centigrade are gener- 
ally just right. 

Rgure 1 8 illustrates tiiat any sample well containing this particular DNA target and primer comtxnation wttich sta- 
bilizes at a denaturation temperature of approximately 93''C is likely to have 8% less DNA generated over the course of 
a typical PCR protocol than veils denatured at 94<'C. Ukewise, sarnple liquids of this mixture that ^abllze at denatura- 
tion temperatures of 95^*0 are likely to have 8% more DNA generated therein than is generated in sample wells whk:h 
stabilize at denaturation temperatures of 94''C. Because all curves of this nature have tiie sanr^ general shape, it is 
important to have uniformity in sample temperature. 

The sample temperatures calculated as descrikDed above are used by the control algorithm for oontrdling the heat- 
ers and flow through the ramp cooling channels and to determine how long the samples have been held at various tar- 
get temperatures. The control algorithm uses these times for comparison with the desired times for each incut>ation 
period as entered by tiie user. When the times match, the control algoritiim takes the appropriate^steps to*heat or cool 
the sample block toward the target temperature defined by the user for the next Incubation. 

When tiie calculated sample temperature is wlttiin one degree centigrade of the setpoint i.e., the incubation tem- 
perature programmed liy the user, the control program causes a timer to start This tinner may be preset to count down 
from a number set so as to time out the Interval specified by the user for the IncUbation being performed. The timer 
starts to count down from the preset count when the calculated sample temperature is wittiin one degree centigrade. 
When the timer reaches a zero count a signal is activated which causes the CPU to take actions to Implement the next 
segment of tiie PCR protocol. Any way to time the specified interval will suffice for purposes of practidng the invention. 

Typically, the tolerance liand around any particular target tempemture is plus or minus 0.5^C. Once the target tem- . 
perature is reached, tiie computer hokJs tiie sample block at tiie target temperature using the bias cooling channels and 
the film heater such that all the samples remain dose to tiie target temperature for the specified interval. 

For tiie thennal system described herein to work welt, tiie thennal conductance from ttie sample block to each sam- 
ple must be known and unifonn to witiiin a very dose tolerance. Ottienmse, not all samples will be heU wittiin the spec- 
ified tolerance band of tiie target temperature when the timer starts and, not all the samples will experience the same 
incut>ation intervals at the target tenperatura 
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Also, for this thermal system to work wed, all sample tut)es must be isolated from variables in the ambient environ- 
ment That is. it is undesirable for some sample tubes to be cooled by drafts whDe other sample tubes in different phys- 
ical positions do not experience the same cooling effects. For good uniformity it is highly desirable that the temperatures 
of all the samples be detennined by the temperature of the sample block and by nothing else. 
5 Isolatfon of the tubes from the ambient and application of the nrvnimum threshold force F pushing down on the 
sample tub&s is achieved by a heated cover over the sample tubes and sample block. 

Even though the sample Dquid is in a sample tube pressed tightly into a temperature-controlled metal block, tightly 
capped, with a meniscus well befow the surfece of the temperature-controlled metal btock, the samples stOI fose their 
heat tpivard by convection. Significantly, when the sanrple is very hot (the denaturatfon temperature is typically near 
TO the boiling point of the sample liquid), the sample liquid can tose a very significant amount of heat by refhjxing of water 
vapor. In this process, water evaporates from the surface of the hot sample liquid and condenses on the inner walls of 
the cap and the cooler upper parts of the sample tube above the top surface of the sample block. If there is a relatively 
large volume off sample, condensation continues, and condensate buQds ip and nms back down the walls of the sample 
tube Into the reaction mixture. This **ref luxing** process carries about 2300 joules of heat per gram of water ref luxed. TTus 
15 process can cause a drop of several degrees in the surface temperature of a 100 miaoliter reaction mixture thereby 
causing a large reduction of efficiency of the reaction. 

If the reaction mixture is small, say 20 microlitets, and the sample tul>6 has a relatively large surface area above 
the top surface of the sample block, a signif k»nt fractton of the water in the reaction mixture may evaporate. This water 
may then condense inside the upper part of the sample tube and remain there by surface tension during the remainder 
20 of the high temperature part of the cyde. This can so concentrate the remaining reaction mixture that the reaction is 
impaired or fails completely. 

In the prior art PGR thermal cyclers, this ref luxing problem was dealt with by overlaying the reaction mixture with a 

layer of oil or melted wax TItis immiscible layer of oil or wax floated on the aqueous reaction mixture and prevented 

rapid evaporation. However. Iatx)r was required to add the oil which rateed processing costs. Further, the presence of 
25 oil interfered with later steps of processing and analysis and aeated a possibility of contaminatfon of the sample. In fact, 

it is known that industrial grade mineral oils have in the past contaminated samples by the unknown presence of con- 

taminatihg lectors in the oil whk:h were unknown to the users. 

The need for an oil overlay is efiminated. and the problems of heat loss and concentration of the reaction niixture 

by evaporation and unpredictable thermal effects caused by refluxing are avoided according to the teachings of the 
30 invention by enclosing the volume above the sample block into which the upper parts of the sample tubes project and 

ft>y heating this volume from above by a heated cover sometimes hereafter also called the platen. 

Referring to Rgure 19, there is shown a cross sectional view of the structure wfuch is used to enctose the siampie 

tubes and apply downward force thereto so as to supply tiie minimum threshold force F in Figure 15. A heated platen 

14 is coupled to a lead screw 312 so as to move up and down along the axis symbolized by arrow 314 with rotation of 
3s the lead saew 312. The lead screw is tiireaded through an opening in a slkiing ccver 316 and is turned by a knob 318. 

The platen 314 is heated to a tenperature above the boiling point of water by res^ 

by computer 20. 

The sliding cover 316 slides back and forth along the Y axis on rails 320 and 322. The cover 316 includes vertical 
sides 317 and 319 and also includes vertical sides parallel to the X-Z plane (not shown) which enclose ttie sample block 
40 12 and sample tubes. This structure sut)stantially prevent drafts from acting on the sample tubes of wfuch tubes 324 
and 326 are typical. 

Rgure 20 Is a perspective view of ttie sliding cover 316 and sample bfock 12 with the sikfing cover in retracted posi- 
tion to allow access to the sample block. The sIkJing cover 316 resembles tiie lid of a rectangular box with vertical wall 
328 having a portion 330 removed to allow the slkiing cover 316 to sfide over tiie sample block 12. The sliding cover is 

45 moved along ttie Y axis in Figure 20 until ttie cover is centered over ttie sample bfock 12. The user tiien turns ttie Knob 
318 ffi a direction to Hmm the heated platen 14 until a mark 332 on the Iviob 318 fines up witti a mark 334 on an 
escutcheon plate 336. hn some embocfiments. ttie escutcheon plate 336 may be permanentiy affixed to ttie top surface 
of the sliding cover 316. In ottier entxxfiments. the escutcheon 336 may be rotatable such that ttie index mask 334 may 
be placed in different positions when different size sample tubes are used. In other words, if taller sample tubes are 

so used, ttie heated platen 14 need not be lowered as much to apply ttie nvnimum ttireshoki force F in Figure 15. In use, 
the user saews the screw 318 to lower the platen 14 unt1 the index marks fine up. The user then knows that ttie mini- 
mum threshold force F will have been applied to each sample tuba 

Refening joinfly to Rgures 15 and 19. prior to lowering ttie heated platen 14 in Figure 19. ttie plastic cap 338 for 
each sample tube sticks up about 0.5 milllmeterG above ttie level of ttie top of ttie walls of a plastic tray 340 (Figure 19) 

55 which hoMs aO the sample tutoes in a k)ose 8x1 2 anay on 9 millimeter centers. The array of sample wells can hold up 
to96 MforoAmpiM PGR tubes of 100 |iL capacity or 46 larger GeneAmp^ tidt)es of 0.5 ml capadty. The details of ttiis 
tray will be discussed in greater detail below. The tray 340 has a planar surface having an 8x1 2 anay of holes for sample 
tubes. This planar surface is shown in Rgures 1 5 and 1 9 as a horizontal line which intersects the sample tubes 324 and 
326 in Figure 19. Tray 340 also has four vertical wans two off whteh are shown at 342 a^ 
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off these vertical walls, shown at 346 in Rgure 15, establishes a rectangular box which defines a reference plane. 

As best seen in Figure 15, the caps 338 for all the sample tubes project above this reference plane 346 by some 
small amount which is designed to allow the caps 338 to be softerted and deformed by the heated platen 14 and 
"squashed" down to the level of the r^erence plane 346. In the preferred embodiment, the heated platen 1 4 is kept at 
a temperature of lOS^'C by the CPU 20 in Figure 1 and the bus 22 coupled to resistance heaters (not shown) In the 
platen 14. In the prefenred embodiment, the knob 318 in Rgure 19 and the lead saew 312 are turned until the heated 
platen 14 descends to and makes contact with the tops of the caps 338. In the prefenred embodiment, the caps 338 for 
the sample tubes are made of polypropylene . These caps soften shortly after they oome Into contact with the heated 
platen 14. As the caps soften, th^ defbnn. but they do not lose an of their elasticity. After contacting the caps, the 
heated platen is lowered further until it rests upon the reference plane 346. This further kiwering defbnns the caps 338 
and causes a minimum threshold force F of at least 50 grarr^ to push down on eac^ sample tube to keep each tube 
well seated firmly In its sample well. The amount by which the caps 338 project above the reference plane 346. and the 
amount of defbnnation and residual elastteity when the heated platen 14 rests upon the reference plane 346 is 
designed such that a minimum threshold force F of at least 50 grams and preferably 100 grams viii have been achieved 
for all sample tut>es then present after the heated ^aten 14 has descended to the le^el of the reference plane 346. 

The heated platen 14 and the four vertical walls and planar surface of the tray 340 fbmi a heated, sealed conrpart- 
ment when the platen 1 4 is in contact with the top edge,346 of the tray. The ptastk; of the tray 340 has a relatively poor 
thermal conductivity property. It has been found experimentally tiiat contacting the heated platen 1 4 with the caps 338 
and the isolation of the portion of the sample tLd:>es 288 which project above the top level 280 of the sample block 1 2 by 
a wall of material wNch has relatively poor thermal conductivity has a beneficial result. Wttii tfirs stoicture, the entire 
upper part of the tube and cap are brought to a temperature which is high enough that littie or no condensation forms 
on ttie inside surfaces of the tube and cap since the heated platen is kept at a temperature above the boiling point of 
water. This is true even when tiie sample liquid 276 in Figure 15 is heated to a temperature near its boiling point. This 
eliminates the need for a layer of immiscible material such as oil or wax floating.on top of the sample mixture 276 
thereby reducing the amount of labor Involved in a PGR reaction and eliminating one source of possible contamination 
offthesample. 

It has been found experimentally that in spite of the very high temperature of the heated cover and its dose prox- 
imity to the sample block 12, tiiere is little affect on the ability of the sample block 12 to cyde accuratdy and rapkJIy 
between high and low tenperatures. 

The heated platen 14 prevents cooling of the sanples l>y the refiuxing process noted earlier because it keeps the 
temperature of the caps above the condensation point of water thereby keeping the Inskies of the caps dry. This also 
prevents the fbnnation d aerosols when tiie caps are removed from the tubes. 

In alternatiye embodiments, any means by which the minimum acceptable downward force F in Figure 15 can be 
applied to each individual sample tube regardless d the number of sample tubes present and which will prevent con- 
densation and rdluxing and convection cooling will suffice tor purposes d practidng-the invention. The application of 
this downward force F and tiie use d heat to prevent rdluxing and undesired sample liquki concentration need not be 
botii implemented by the same system as is done in the prefen^ed embodiment 

The sanrple tut)es may vary by a few thousandths of an Inch In their overall height. Further, the caps for tiie sample 
tubes may also vary In height by a few tiiousandttis of an inch. Also, each conical sample well in the sample block 12 
may not be drilled to exactiy ttie same depth, and each conical sample well in the sample block may be drilled to a 
stightiy dlff^ent diameter and angle. Thus, when a population d capped tubes Is placed fan the sample bk>ck so as to 
be seated in the corresponding sample veil, the tops of the caps will not all necessarily be at the same height The worst 
case discrepancy for this height ooukJ be as much as 0.5 millimeters from the highest to tiie lowest tUbes. 

If a perfectiy flat unheated platen 14 mounted so that it is free to find its own position were to be pressed down on 
such an anay d caps, it wodd first touch the three tallest tit>es. As furtii^ pressure was appfied and the tallest tubes 
were compressed somewhat, the platen would begin to touch some caps d lower tut>e8. There is a distinct possMHy 
tiiat unless tiie tube and cap assemblies were compliant, the tallest iui^es would be damaged before the shortest tut>es 
were contacted at all. Alternatively, ttie force necessary to compress ail the tall tubes suffkaentiy so as to contad the 
shortest tube couki be too large for ttie da/ice to apply. In eitiier case, one or more short tubes might nd be pressed 
down it all or might be pressed down witti an uisuff ident amount d force to guarantee ttiat ttie ttiermal time constant fd- 
that tube was equal to ttie ttiermal time constants fd* all ttie ottier tubes. This wouki result in the failure to achieve the 
came PGR cyde for all tut>es in the sample bkock since some tut>es witii different thermal time constants wouM nd be 
in step with the ottier tut>es. Heating tiie platen and softerting the caps eliminates ttiese risks by eliminating the manu- 
facturing tol&ance enors which lead to differing tube heights as a factor. 

In an alternative embodiment the entire heated platen 1 4 is covered witii a compliant rubber layer. A compliant rub- 
ber layer on ttie heated platen wodd sdve ttie height tolerance problem, but wodd also ad as a ttiemnal insulation layer 
which would delay the f tow d heat from the heated platen to the tube caps. Further, with long use at high temperatures, 
most rubber materials deteriorate or become hard. It is ttierefbre desirable ttiat ttie heated platen suriace be a metal 
and a good conductor d heat 
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In another alternative enit>odiment. 96 individual springs could be mounted on the platen so that each spring indi- 
vidually presses down on a single sample tuba This is a complex and costly solution, however, and it requires that the 
platen be aligned over the tut>e anray with a mechanical precision which would be difficult or bothersome to achieve. 
The necessary individual oompfiance for each sample tube in the preferred entxxliment is supplied by the use of 

5 plastic caps which collapse In a predict^e way under the force from the platen but which, even when collapsed, stall 
exert a downward force F on the sample tubes which is adequate to keep each sample tibe seated firmly in its welt. 

In the sample tube cap 338 shewn in Rgure 15. the surface 350 should be free of nicks, flash and cuts so that it 
can provide a hermetic seal with the inner walls 352 of the sample tube 288. In the prefenred embodiment, the materel 
fa the cap is potypropylena A suitable material might be Valtec KKM44 or PD701 pdypropylene manufactured t>y 

10 Himont as descrft>ed above or PP W 1 780 by American Hoescht In the prefenred embodiment the wall thickness for the 
domed portion of the cap is 0.130 •¥ .000 • 0.005 inches. The tfiickness of the shoulder portion 356 is 0.025 inches and 
the width of the domed shaped portion of the cap Is 0.203 Inches in the preferred embedment. 

Any material and oonfiguratk)n fdr the caps whtoh wiO cause the minimum threshold force F in Figure 15 to be 
applied to all the sample tubes and which will allow the cap and upper portions of the sample tut)es to be heated to a 

15 temperature high enough to prevent condensation and ref luxing will suffice for purposes of practicing the inverttiori. The 
dome shaped cap 338 has a thin wall to aid in deformation of the cap. Because the heated platen is Kept at a Ngti tem- 
perature, the wall thickness of the domed shaped cap can be thk:k enough to be easily manufactured by injection mov- 
ing since the necessary compliance to account for diff^ences in tube height is not necessary at room temperature. 
The platen can be kept at a temperature anywhere from 94^0 to 1 1C'C according to the teachings of the inventkm 

20 although the range from 1 00*^C to 1 10**C is preferred to prevent ref luxing since the boiling point of water is 1 00*^0. In this 
temperature range, it has been experimentally fburKi tftat the caps soften just enough to collapse easily k>y as much as 
1 millimeter. Studies have shown that the elastic properties of the polypropylene used are such that even at these teni- 
peratures, the collapse is not entirely inelaslic That is. even though the heated platen causes pemianent delbmiatton 
of the caps, the material of the caps stfll retain a significant enough fraction of their room temperature elastic modulus 

2$ that the minimum threshold force F is applied to each sample tibe. Further, the heated platen levels all the caps that it 
contacts without excessive fbrce regaidless of how niany tubes are present In the san^ 
ingofthecap. 

Because the cap temperature is above the boiling point of water during the entire PGR cyde, the Inside surfaces of 
each cap remain completely dry. Thus, at the end of a PGR process, if the samples are cooled to room temperature 

30 before being renrx>ved from the sample block, if the caps on each sample tube are opened, there Is no possibility of ere- 
ating an aerosol spray of the sample tube contents whtoh oouM result In cross oonlaminatkin. TMs Is because there Is 
no liquid at the cap to tibe seal when the seal Is broken. 

This is extaremely advantageous, because tiny particles of aerosol containing amplified product DNA can contami- 
nate a laboratory and get into sample tubes containing samples from other sources, eg., other patients, thereby possi- 

35 biy causing false positive or negative diagnostic results which can be very troublesome. Users of the PGR amplif k»tion 
process are extrenoely concerned tiiat ho aerosols tiiat can contaminate other samples be created. 

A system of disposable plastic items is used to convert the individual sample tut>es to an 8x1 2 array whk:h Is com- 
patible witti miaotiter plate format lab equipment but which maintains sufficient individual freedom of movement to com- 
pensate for differences in the various rates of thermal expansion of the system components. The relationsh^ of the 

40 thermally compliant cap to the rest of this system Is best seen in Figure 2 1 A which is a cross sectional view of the sam- 
ple block, and two sample tid)es with caps in place with the sample tU)^ held Inplacet^theoomblnattonofohe 
embodiment of a plastic 96 well nrncrotiter tray and a retainer. Figu-e 21 B is an alternative, prefenred entediment show- 
ing the structure and interaction of vnosA of the various plastic disposak)le items of the systen. The rectangular plastic 
96 well nrucrotiter plate tray 342 rests on 0ie surface of the sample tMxk 1 2. TTie top edge 346 of the frame 342 has a 

45 height whk:h is approximately 0.5 nrvHimeters shorter than the height of the caps of which cap 364 is exemplary. All of 
the capped tubes will project higher than the edge 346 of the frame 342. The frame 342 Is configured such that a down- 
ward extending ridge 366 extends into the guardband groove 78 through its entire length. The frame 342 does however 
have a gap (not shown) which oonresponds to the gap in the groove 78 for the temperature sensor sfx^ Rgure 2 in 
plan view and In Figure 7 in cross-eectiorud view. 

so The reference plane 346 mentioned above is established by tiie top of the frame 342. How this reference plane 
interacts with the heated platen Is as follows. Prior to screwing down the knob 318 in Figure 20 to line up the index 
marks 332 and 334 to start an amplification run, a calftxration process wQI have been performed to focate the position 
of the index mark on the escutcheon platen 336 in Figure 20. This calibration Is started by placing tiie frame 342 in Fig- 
ure 21 in position on the sample tstock. The frame 342 will be empty however or any sanrple tubes therein will not have 

ss any caps In placa Then, the knob 318 is screwed down until the heated platen 14 is firnr^ 
346 of the frame 342 around its entire parameter. When the knob 318 has bem 

heated platen to reast on tiie reference plane 346 and to press the frame 342 firmly against the top surface 280 of the 
sample blocK the rotal£dbie escutcheon 336 of the preferred embodiment will be rotated until the Index mark 334 on the 
escutcheon tines up with the index nruvk 332 on the knob 318. Then, the knob 318 Is rotated oounterdodmnse to raise 
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the platen 1 4 and the ccver 31 6 in Rgure 19 is slid in the negative Y direction to uncover the frame 342 and the sanple 
block 12. Sample tut)es with caps loaded with a sample ntixture may thenjbe placed in position in the frame 342. The 
heated cover 316 is then placed back over the sample block, and the loiob 318 is turned clockwise to lower the heated 
platen 14 until the index mark 332 on the knob lines up with the index mark 334 as previously positioned. This guaran- 
tees that all tubes have been firmly seated with the minimum force F applied. The use of the index marks gives the user 
a simple, verifiable task to perform. 

If there are only a few sample tubes in place, it will take only a small amount of torque to line up the index marks 
332 and 334. H there are marry tubes, however, it will take more torque on the knob 318 to line up the index marks. This 
is because each tut>e is resisting the downward movement of the heated platen 14 as the caps deform. However, the 
user is assured that when the index marks 332 and 334 are aligned, the heated platen will once again be tightly placed 
against the top edge 346 of the frame 342 and all tubes viii have the minimum threshoM force F applied thereto. This 
virtually guarantees that the thermal time constant for all the tut>es will be substantially the same. 

In alternative embodiments, the index marks 332 and 334 may be dispensed with, and the knob 3l8may simply be 
turned clockwise until it will not turn any more. This condition will occur when the heated platen 314 has reached the 
top edge or reference plane 346 and the plastic frame 342 has stopped forther downward nrxavementxif the heated 
platen 14. Obvfously in this alternative embodiment, and preferably in the index mark embodiment described above, the 
plastic of the frame 342 will have a melting temperature which is sufficiently high to prevent defbrmationr^ the plastic 
of the frame 342 when it is in contact with the heated platen 14. in the preferred embodiment, the piastw of the frrame 
342 is celanese nylon 1 503 with a wall thickness of 0.05 Inches. 

An advantage of the above described system is that sample tubas of different heights may be used simply by using 
frames 342 having different heights. The frame 342 shoukJ have a height which is approximately 0.5 millimeters shorter 
than the plane of the tips of the capped tubes when both are seated in the sample block. In the preferred embodiment, 
two different tube heights are used. The range of motfon of the lead screw 31 2 which drives the heated platen 14 in Rg- 
ure 19 must be sufficient for all the different sizes of sample tubes to t>e used. Of course^ during any particular PCR 
processing cyde, all tubes must be the same height 

The system deserved akx)ve provides uniform temperatures in the sample block, uniform themial conductance 
from bfock to sample, and isolation of the sample tubes from the v^aries of the ambient environment Any numt>er of 
sample tut>es up to 96 may be arrayed in tfie microtiter plate fonmat The system allows accurate temperature control 
for a very large number of samples and a visual indk^ation of the sample temperatures lor all samples without actually 
measuring the terrperature of any sample. 

As the container for PCR reactions, it has been common in the prior art to use polypropylene tubes which were orig- 
inally designed lor microcenfrifuges. This prior art tube had a cylindrical cross-section closed at the top by a snap-on 
cap whteh makes a gas-tight seal. This prior art tube had a bottom sectfonwhfohconrprised the frustrum of a oo^ 
an included angle of appronrnately 1 7 degrees. 

When such a conical sanple tube is pressed down into a sanple well of a sample bfock with a conical cavity wHh 
the same included angle, and when the sample mixture in the tuk)e lies entirely within the conical volume and below the 
top surface of the sample block, the thermal conductance between the tjlock and the liqukJ can be made adequately 
predictable fbr good unjfbmnity of sample temperature throughout the array To achieve adequate control of the thermal 
conductance t>etween the sanple block and the sample mixture, the included angles of the conical tube and the sample 
well must match closely, and the conical surfaces of the tube and well must be smooth and hekl together in flush rela- 
tion. Further, the minimum threshoM force F must be applied to each sample tiA>e to press each tube tightly Into the 
sample well so that it does not rise ip or loosen in the well for any reason during thermal cycling, such as steam tomia- 
tion from trapped liquid in space 291 in Figure 15. Finally, each tube must be toaded with the same amount of sample 
liquid. If the atxyve listed conditions are met, the thermal conductance between the sample block and the sample liquid 
in each tube will be predominantiy determined by the conductance of the confoal piastfo wall 368 in Figure 15 and a 
boundary layer, (not shown) of the sample Ik^uki at the inskie surface 370 of the conical sanple tube waB.^>A 

The thermal conductance of the plastic tube waOs is determined by their thickness, which can be closely controlled 
by the irjectfon mokfing method of manufacture of the tut>e8. The sample liquid in all the sample tUbes has virtually 
identical thermal prop^es. 

It has been found by experiment and by calculation that a moUed, one-piece. 9&^ell miaotiter plate is only mar- 
ginaOy feasSsle for PCR because the cfifferences In the thermal expansfon coeffkaents between aluminum and plastic 
lead to dimensional changes which can destroy the uniformity of thermal conductance to the sanple Ikfuid across the 
array. That is, sirica each well in such a one-piece plate is connected to each other well through the suriace of the plate, 
the distances between the wells are determined at the time of initial manufacture of the plate kxjt change with changing 
temperature since the plastic of the plate has a significant coeff k:ient of thermal expanstoa Also, distances between the 
sample wells in the metal sample bfock 1 2 are dependent upon the temperature of the sample block since aluminum 
also has a significant coefficient of thenmal expansion which is different than that of plastia To have good thermal con- 
ductance, each sample well in a one-piece 9&^en microtiter plate would have to fit almost perfectly in the conrespond- 
ing well in the sample bfock at ail tenrperatures. Since the temperature of the sample bfock changes over a very wkto 
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range of temperatures, the distances b^een the sample wells in the sample block vary cyclically during the PCR 
cyda Because the coefficients of thermal expansion for plastic and aluminum are substantially different the distances 
of the well separation in the sample block would vary differently over dianging temperatures than would the distances 
between the sample wells of a plastic, one-piece. 96-well microtiter plate. 

5 Thus, as an important criteria for a perfect fit between a sample tut>e and the corresponding sample well over the 
PCR temperature range, it is necessary that each sample tube in the 96-well array t>e incfividually free to move laterally 
and each tube must be incfivkjually free to be pressed down vertically by whatever amount is necessary to make flush 
contact with the walls of the sample well. 

The sample tut>es used in the invention are different frcmt the prior art microcentrifuge tubes in that the wall thick- 

10 ness of the conical firuistrum posrtbn of the sample tube is much thinner to allow faster heat transfer to and from the 
sample liquid. The upper part of these tubes has a thicker wall thickness than the conical part In Rgure 15. the wall 
thickness In the cylindrical part 288 in Figure 15 is generally 0.030 inches while the wall thickness for the conical wall 
368 is 0.009 inches. Because thin parts cool faster than thick parts In the Irtjectton molding process, it is important to 
get the mold full before the thin parts cool off. 

IS The material of the sample tut>es must be compatible chonically with the PCR reaction. Glass is not a PCR com- 
patible material, because DNA sticks to glass and will not come off which woukJ interfere with PCR amplification. Pref- 
erably an autodavaMe polyprop/lene is used. Three types of suitat)le polypropylene were kJentified earlier herein. 
Some plastics are not compatible with the PCR process because of outgassing of materials from the plastic or because * 
DNA sticks to the plastic walls. Polypropylene is the best known dass of pieces at this tone. 

20 Conventional injection mokJing techniques and mokJ manufacture technkiues for the injection moM will suffice for 
purposes of pradidng the invention. 

The use of cone shapidd sample tubes translates substantially all manufacturing tolerance errors to height errors, 
i.e., a variance from tut)e to tube in the height of the tip of the cap to the top of the sample block when the sample tube 
is seated in the sample well. For example, an angle error for the angle of the sample tidse waRs is converted to a height 

25 error when the tube is placed in the sample t^ock because of tfie mismatch between tfie ti^ waU angle and the sample 
wen wall angia Ukewise; a diameter error in the dimenstons of the oone woukJ also translate into a height error since 
the conical part of the tut>e would either penetrate deeper or not as much as a property dimensional tut)e. 

For good uniformity of thermal conductance across the array, a good fit k>etween the sample tut>es and the sample 
well must exist for all Se-wells over the full temperature range of 0 to lOO'^C regardless of differences in thermal expan- 

30 sk)n rates. Alsa each of the 96 sample tiJbes must have walls with dimenskKis and wall thicknesses which are uniform 
to a very h'gh degrea Each sample tube in which sample mixture is to be h^ should be fitted with a renrKSvable gas- 
tight cap tfiat makes a gas-tight seal to prevent loss of water vapor from the reaction rrvxture when this mixture is at or 
near its boiling point such that the volurifve of the sample mixture does not decrease. All these factors combine to make 
a one-piece microtiter plate with 96 individual sample weRs extremely difficult to manufacture in a manner so as to 

35 achieve unifbnn thenrnal conductance for all 96 we^ 

Any structure wfnch prdvkles the necessary individual lateral and vertteal degrees of freedom for each sample tube 
will suffice for purposes of practicing the inventkm. 

Accorcfing to the teachings of the prefenred emtibdimefit of the invention, all the above noted requirements have 
been n^ by using a 4 piece disposable plastic system. This system gives each sample tube sufficient freedom of motkm 

40 in an necessary directions to compensate for differing rates of themial expansion and yet retains up to 96 sample tut)es 
In a 96 well microtiter plate format fbr user converiience and oonrpatibnity with othisr labbratory equipment which is sized 
to work with the industry standard 96-well miabtiter plate. The multi-piece disposabliB plastic system is very tolerant of 
manufacturing tolerance errors and ttie differing thennal expansfon rates over the wkle temperature range encountered 
during PCR thermal cycling. 

45 Figures 21 A and 21 B show afternative embodiments of most of the four piece plastic system components in cross- 
section as assembled to hokf a pluraTity of sample tut)es in their sample wens with suffteient freedom of motion to 
account for differing rates of thermal expansion. Figure 45 shows all the parts of the disposable plastic miaotiter plate 
emulation system in an exploded view. This figure iltustrates how the parts fit together to fbirm a microtiter plate with all 
tiie sample tubes k>08ely retained In an 8x12 microtiter plate fonmat 96 well anray. Rgure 22 shows a plan view of a 

so microtiter plate frame 342 according to the teacfiings of the invention which is partially shown in cross-section in Figures 
21A and 21 B. Figure 23 shows a bottom view plan view of the frame 342. Figure 24 is an end view of the frame 342 
taken from view line 24-24* in Figure 22. Rgure 25 is an erxi view of the frame 342 taken from view Pine 25-25* in Figure 
22. Figure 26 is a aoss section through the frame| 342 at section line 26-26' in Rgure 22. Figure 27 is a cross sectional 
view through the frame 342 taken akmg section line 27-27 In Rgure 22.- Figure 28 is a skJe view of the frame 342 taken 

55 afong view line 28-28* in Figure 22 with a partial cut away to show In more detail the tocation where a retmner to be 
desaS)ed betow dips to tiie frame 342. 

Refening jointiy to Rgures 21A. 21 B and 22 through 28, the frame 342 is comprised of a horizontal plastic plate 
372 in which there are formed 96 holes spaced on 9 millimeker centers in the standard nvcrotiter plate fonmat. There 
areSrows labeled A through Hand 12 columns labeled 1 through 12. Hole 374 at row D. column 7 is typical of these 
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holes. In each hole m the frame 342 there is placed a conical sanple tijt>e such as the sample tube 376 shown in Figure 
1 5. Each sample tube is smaller in diameter than the hole in which it is placed by about 0.7 millimeters, so that there is 
a loose fit in the hole. This is best seen in Figures 21 A and 21 B by observing the distance between the inside edge 378 
of a typical hole and the side wall 380 of the sample tube placed theran. Reference numeral 382 in Figures 21 A and 
21 B shows the opposite edge of the hole which is also spaced away from the outside wall of the cylindrical portion of 
the sample tube 376. 

Each sample tube has a shoulder shown at 384 in Figures 15, 21 A and 21 B. This shoulder is molded around the 
entire circumference of the cylindrical portion 288 of each sample tube. The diameter of this shoulder 384 is large 
enough that it will not pass through the holes in the frame 342, yet not so large as to touch the shoulders of the adjacent 
tubes in neighboring holes. 

Once all the tubes are placed in their holes in the frame 342, a plastic retainer 386 (best seen in Figures 21 A and 
21 B and Rgure 45) is snapped into apertures in the frame 342. The purpose of this retainer is to keep all the tubes in 
place such that they cannot faP out a be knocked out of the frame 342.while not interfering with their looseness of fit in 
the frame 342. The retainer 386 is sized and fitted to the frame 342 such that each sample tube has freedom to imre 
vertically up and down to some extent before the shoulder 384 of the tube encounters either the retainer^ 386 or the 
frame 342. Thus, the frame and retainer, when coupled, provkie a microtiter plate format for up to 96 sample tubes but 
provkJe sufficient horizontal and vertical freedom such that each tube is free to find its best fit at all temp&atures under 
the influence of the minimum threshoM force F in Figure 15. 

A more clear view of the sample tube and shoukier may be had by reference to Rgures 29 and 30. Figures 29 and 
30 are an elevatk)n sectional view and a partial upper section of the shoukier portion, respectively, of a typical sample 
tube. A plastic dome-shaped cap such as wilt be descrft>6d in more detail t>elow is inserted into the sample tube shown 
in Figure 29 and forms a hermetic seal with the inskJe wall 390 of the top at the sample tube. A ridge 392 fbmned in the 
inskie wall of the sample tube acts as a stop for the dome-shaped cap to prevent further penetratkm. Normally, the 
dome-shaped caps oome in str ips connected by web. 

Rgure 31 shows three caps in elevatk)n view connected by a web 394 and tenninated in a t^ 396. The tab akis 
the user in removing an entire row of caps by a single puD. Normally, the web 394 rests on the top surface 398 of the 
sample tube and prevents further penetration of the cap into the sample tube. Each cap includes a ndge 400 which 
forms the hentietic seal between the cap and the inskJe wall of the sample tube. Rgure 32 shows a top view of three 
caps in a typical strip of 12 connected caps. 

For a more detailed understanding of the retainer, refer to Rgures 33 through 37. Rgure 33 is a top view of the plas- 
tic retainer. Rgure 34 is an elevation view of the retainer taken along view line 34-34' in Figure 33. Figure 35 is an end 
elevation view of the retainer taken along view line 35-35* in Figure 33. Rgure 36 is a sectk)nal view taken along sectk)n 
line 36-36' in Figure .33. Figure 37 Is a sectkmat view through the retainer taken ak>ng sectton line 37^7 in Rgure 33. 

Refening jointly to Rgures 33-37, the retainer 386 Is comprised of a single horizontal plastk; plane 402 surrounded 
by a vertical wall 404. The plane 402 has an 8 x 1 2 array of 96 holes formed therein cfivkJed into 24 groups of four holes 
per group. These groups are set off by rkJges fomied in the plane 402 such as ridges 406 and 408. Each hole, of which 
hole 410 is typical, has a diameter D which is larger than the diameter in Rg. 29 and smaller than the diameter P2. 
This alkjws the retainer to be slipped over the sample tubes after th^ have been placed in the frame 342 but prevents 
the sample tubes from falling out of the frame since the shouMer 384 is too large to pass through the hole 410. 

The retainer snaps into the frame 342 by mear^ of plastic tabs 414 shown in Rgures 34 and 36. These plastic tabs 
are pushed through the slots 416 and 418 in the frame as shown in Rgure 23. There are two plastic tat>s 414^ one on 
each long edge of the retainer. These two plastic tabs are shown as 414A and 41^ 

The frame 342 of Rgures 22-28, with up to 96 sample tubes placed therein and with the retainer 386 snapped Into 
place, fomns a single unit such as is shown in Figures 21 A and 21B which can be placed in the sample bk>ck 1 2 for PCR 
processing. 

After processing, all the tubes may be removed simultaneously by lifting the frame 342 out of the sample block. For 
convenience and staage, the frame 342 with sample tubes and retainer in place can be inserted into another ptastic 
component caDed the base. The base has the outskle dimensions and footprint of a standard 96-wen mk^rotiter plate 
and is shown in Rgures 38 through 44. Figure 38 a top plan view of the k>ase 420, while Rgure 39 is a bottom plan 
view of the base. Figure 40 is an elevatkm view of the base taken from view line 40-40* in Figure 38. Figure 41 Is an end 
elevation view taken from view line 41 -41 ' in Figure 38. Rgifl^e 42 is a sectfonal view taken through the base atong sec- 
tfon line 42-42' in Rgure 38. Figure 43 is a sectfonal view through the base taken afong section line 43-43' in Rgure 38. 
Rgure 44 is a sectional view taken afong section line 44-44' in Rgure 38. 

The base 420 includes a flat plane 422 of plastic in which an 8 x 12 anay of holes with sloped edges Is formed. 
These holes have dimensions and spacing such that when the frame 342 is seated in ttie base, the bottoms of the sam- 
ple tubes fit into the conical holes in the base such that the sample tid>es are heU in the same relationship to the frame 
342 as the sample tubes are heU when the frame 342 is mounted on the sample block. Hole 424 is typical of the 96 
holes fbrmed in the base and is shown in Figures 38, 44 and 43. The individual sample tubes, ttiough loosely captured 
between the tray and retainer, become firmly seated and Immobile when the fifame is inserted In the base. The manner 



EP0 810 030A1 



in which a typca) sample tube 424 fits in the base is shown in Rgure 44. 

In other words, when the frame, sample tubes and retainer are seated in the base 420 the entire assembly 
becomes the exact functional equivalent of an industry standard 96-well microtiter plate, and can be placed in virtually 
any automated pipetting or sampling system tor 96^ell industry standard microtiter plates for further processing. 

After the sample tubes have been filled with the necessary reagents and DNA sample to be amplified, the sample 
tubes can be capped. In an alternative embodiment of the cap stri) shwon in Rgures 31 and 32. an ^re mat of 96 
caps with a compliant web connecting them in an 8 x 12 array may be used. This web. shown at 394 In Figure 31 must 
be sufficiently compliant so that the caps do not restrain the sanple tubes from making the smaO motions these sample 
tubes must make to fit perfectly in the conical wells of the sample block at all temperatures. 

The assembly of tubes, caps frames, retainer and base is brought after fitting the tubes.to the thermal cyder. There, 
the frame, capped tubes and retainer plate are removed from the base as a unit. This unit is then placed in the sample 
block 1 2 to make the assembly shown in Figure 21 A or 21 B with the tubes loosely held in the conical wells in the sample 
block. As shown In Rgure 21 . the frame 342 Is seated on the top surface 280 of theguardband. In the pretorred embod- 
iment, the rkjge 366 extends down into the groove 78 of the guardband, but this Is not essential. 

Next, the heated cover is sKd over the samples, and the heated platen is saewed down as prevmusly described 
until It contacts the top edge 346 of the frame 342. . 

Within seconds after the heated platen 14 In Figure 19 touches the caps, the caps begin to soften and yield under 
the downward pressure from the lead screw 312 In Figure 19. The user then continues to turn to knob 31 8 until the index 
marks 332 and 334 in Figure 20 line wNch indicates that every sample tube has been tightty pressed into the sample 
block with at least the minimum threshoM force F and all air gaps between the heated platen 1 4. the sample block and 
the top edge 346 of the frame 342 have been tightly closed. The sample tubes are now in a completely dosed and con- 
trolled environment, and precision cycling of temperature can begin. 

At the end of the PCR protocol, the heated platen 14 is moved upward and away from the sample tubes, and the 
heated cover 316 is slid out of the way to expose the frame 342 and sample tubes. The frame, sample tubes and 
retainer are then removed and replaced into an empty base, and the caps can be removed. As each cap or string of 
caps is pulled off. the retainer keeps the tube from coming out of the tray Rit>s formed in the base (not shown in Figures 
38-44) contact the retainer tabs 414A and 41 4B shown in Rgure 33 to keep ttie retainer snapped in place such that the 
force exerted on the tubes by removing the caps does not dislodge the retainer 386. 

Obviously, the frame 342 may be used with fewer than 96 tii>es if desired. Also, the retainer 386 can be removed 
if desired by unsnapping it 

A user who wishes to run only a few tut)es at a time and handle these tubes individually can place an empty frame 
342 without retainer on tiie sample block. The user may then use the base as a test lube rack" and set up a small 
number of tubes therein. These tubes can then be filled manually and capped wHh indivkiual caps. The user may then 
transfer the tubes individually into wells in the sample block, dose the heated cover and screw down the heated platen 
14 until the marks line up. PCR cyding may tiien commenca When the cyding is complete, the cover 316 is removed 
and the sample tubes are individually placed in an available base. The retainer is not necessary in this type of usage. 

Refening to Rgures 47A and 47B (hereafter Figure 47). there is shown a block diagram for the electronics of a pre^ 
ferred embodiment of a control system in a dass of cbntrd systems represented by CPU btocK 1 0 in Rgure 1 . The pur- 
pose of the contrd electronics of Figure 47 is, inter alia, to receive and store i^er input data defining the desired PCR 
protocol, r^d the various temperature sensors, calculate the sample temperature, compare the calculated sample tem- 
perature to the desired temperature as defined the user defined PCR protocol, monitor the power line voltage and 
control the film heater zones and the ramp coofing valves to cany out the desired temperature prof He of the user defined 
PCR protocol. 

A miaoprocessor (hereafter CPU) 450 executes the control program descrit>ed befow and given in Appendix C in 
source code fonn. in the preferred embodiment, the CPU 450 is an OKI CMOS 8085. The CPU drives an address bus 
452 by which varfous ones of the other circuit elements in Figure 47 are addressed. The CPU also drives a data bus 
454 t>y which date is transmitted to various of the other drcuit elements in Rgure 47. 

The control program of ApperxJix C and some system constants are stored in EPROM 456. User entered data and 
other system constants and diaracteristics measured during the install process (install program execution described 
befow) are stored in battery backed up RAM 458. A system dock/calendar 460 suppfies the CPU 450 with date and time 
information for purposes of recording a history of events during PCR runs and the duratfon of power failures as 
desatoed betow in the description of the control software. 

An address decoder 462 receives and decodes addresses from the address bus 452 and activates 
chip select lines on a chip select bus 464. 

The user, enters PCR protocol data via a keyboard 466 in response to information displayed by CPU on display 468. 
The two way oommunfoation between the user and the CPU 450 is descrbed in more detail befow In the user interface 
section of the description of the control software. A keyboard interface drcuit 470 converts user keystrokes to data 
which is read l>y the CPU via the data bus 454. 

Two programmable interval tiniers 472 and 474 each contoin counters w^ 
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the CPU 450 to control the intervals during which power is applied to the various film heater zones. 

An interrupt controller 476 sends intenrupt requests to the CPU 450 every 200 nrtilliseconds causing the CPU 450 
to run the PID task desaibed below In the description of the control software. This task reads the tenrperature sensors 
and calculates the heating or cooling power necessary to move the sanple temperature from its cunrent level to the level 

5 desired by the user for that point in time in the PCR protocol b^g executed. 

A UART 478 services an RS232 interlace circuit 480 such that data stored in the RAM 480 may be output to a 
printer. The control software maintains a record of each PCR run which is perfonned with respect to the actual temper- 
atures which existed at various times during the run for purposes of user vaUdatfon that the PCR protocol actually exe- 
cuted corresponded to the PCR imtocol desired by the user. In additfon, user entered data defining the specific times 

70 and temperatures desired during a particular PCR protocol is also stored. AH this data and other data as well may be 
read by the CPU 450 and output to a printer coupled to the RS232 port via the UART 478. The RS232 interface also 
allows an external computer to take control of the address and data buses for purposes of testing. 

A peripheral interface chip (hereafter PIC) 4^ serves as a programmable set of 4 input/output registers. At powers 
up. the CPU 450 selects the PIC 482 via the address decoder 462 and the chip select bus 464. Tbe CPU then writes a 

IS data word to the PIC via data bus 454 to program the PIC 482 regarding which registers are to be output ports and 
which are to be input ports. Subsequently, the CPU 450 uses the output registers to store data words written thera*n by 
the CPU via the data bus 454 to control the internal logic state of a programmable anBy logic chip (PAL) 484. 

The PAL 484 is a state machine which has a plurati^ of input signals and a plurality of output signala PAL's in gen- 
eral contain an array of logic which has a number of different states. Each state is defined by the anay or vector of togk: 

20 states at the inputs and each state results in a different array or vector of logic states on the outputs. The CPU 450. PIC 
482. PAL 484 and several other circuits to be defined below cooperate to generate different states of the various output 
signals from the PAL 484. These different states and associated output signals are what control the operation of the 
electronics shown in Figure 47 as will t>e described below. 

A 12 bit analog-to<ligital converter (A/D) 486 converts analog voltages on lines 488 and 490 to digital signals on 

25 data bus 454. These are read by the CPU by generating an address for the A/D converter such that a chip select signal 
on bus 464 coupled to the chip select input of the A/D converter goes active and activates the converter. The analog 
signals on lines 488 and 490 are the output lines of two nuHiplexers 492 and 494. Muftiplexer 492 has four inputs ports, 
each having two signal lines. Each of these ports is coupled to one of the four temperature sensors in the system. The 
first port is coupled to the sample block tenperature sensor. The second and third ports are coupled to the coolant and 

30 ambient tenperature sensors, respectively and the fourth port s coupled to the heated cover temperature sensor. A 
typical circuit for each one of these temperature sensors is shown in Rgure 48. A 20.000 ohm resistor 496 receives at 
a node 497 a regulated 1 5 volt regulated power supply 498 In Rgure 47 via a bus connection line whfoh is not shown. 
This -1-15 volts D.C. signal reverse biases a zener diode 500. The reverse bias current and the voltage drop across the 
zener diode are functions of the temperature. TTie voltage drop across the diode is input to the multiplexer 292 via fines 

35 502 and 504. Each temperature sensor has a similar connection to the multiplexer 292. 

Multiplexer 494 also has 4 input ports but only three are connected. TTie first input port is coupled to a calibration 
voltage generator 506. This voltage generator ou^Mits two preceely contn>lled voltage levels to the ntiltq^lexer inputs 
and is very thermally stable. That is. the reference voltage output by voltage source 506 drifts very lltUe if at all with tem- 
perature. This voltage is read from time to time by the CPU 450 and compared to a stored constant which represents 

40 the level this reference voltage had at a known temperature as measured during execution of the install process 
described below. If the reference voltage has drifted from the level measured and stored during the instafl process, the 
CPU 450 knows that the other electronic drcuftry used for sensing the various temperatures and line vottages has also 
drifted and adjusts their outputs accordingly to maintain very accurate control over the temperature measuring process. 
The other input to ttie multiplexer 494 is ooipled via line 510 to an RMS-to-DC converter circuit 512; This circuit 

45 has an input 514 coupled to a step-down transformer 516 and receives an A.C. voftage at input 514 which is propor- 
tional to the then existing line voftage at A.C. power input 518. The f^S-to-DG converter 512 rectifies the* A.C. voltage 
and averages it to develop a D.C. voftage on line 510 which also is proportional to the A.C. input voltage on line 518. 

Four optically coupled triac drivers 530. 532. 534 and 536 receive input confrol signals via control bus 538 from PAL 
logic 484. Each of the friac drivers 530. 532 and 534 confrols power to one of the three film heater zones. These heater 

so zones are represented by blocks 254. 260/262 and 256/258 (the same reference numerals used in Rgure 13). The triac 
driver 536 confrols power to the heated cover, represented by bfock 544 via a themiat cut-out switch 546. The heater 
zones of the film heater are protected by a tdock tiiermal cutout switch 548. The purpose of the thermal cutout swftches 
is to prevent meltdown of the film heater/sample block on the heated cover in case of a failure leading to the triac drivers 
being left on for an unsafe interval. If such an everrt happens, the thermal cut-out swftches detect an overly hot condi- 

S5 tion. and shut down the friacs via signals on lines 552 or 554. 

The main heater zone of the film heater is rated at 360 watts while the manlfbkJ and edge heater zones are rated 
at 180 watts and 170 watts respectively The friac drivers are Motorola MAC 15A10 15 amp triacs. Each heater zone is 
split into 2 elecfrically isolated sections each dissipating 1/2 the power. The 2 halves are connected in parallel for line 
voltages at 518 less than 150 voRs RMS. For line voltages greater than this, the two hah/es are connects 
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These alternate connections are accomplished through a "personality* plug 550. 

The AC power supply for the f flm heater zones is line 559, and the AC supply for the heated cover is via line 560. 

A zero crossing detector 566 provides basic system timing by emitting a pulse on line 568 at each zero crossing of 
the AC power on line 518. The zero crossing detector is a National LM 31 1 N referenced to analog ground and has 25 
5 mV of hysteresis. The zero crossing detector takes Hs input from transformer 51 6 which outputs A.C. s^nat from 0 to 
5.52 volts for an A.C. irput signal of from 0 to 240 volts A.C. 

A power transfomner 570 supplies A.C. power to the pump 41 tiiat pun^ coolant through the ranp and bias cool- 
ing channels. The refrigeration unit 40 also receives its A.C. power from the transformer 570 via another portion of the 
personality plug 550. The transformer 530 also supplies power to three regulated power supplies 572. 498 and 574 and 
10 one unregulated power supply 576. 

For accuracy purposes in measuring the temperatures, the calibration voltage gwerator 506 uses a series of very 
precise, thin-film, uttralow temperature drift 20K ohm resistors (not shown in Rgure 47 ). These same ultralow drift resis- 
tors are used to set the gain of an analog amplifier 578 which anplif ies the output voltage from the selected temperature 
sensor prior to conversion to a digital valua These resistors drift only 5 ppm/C^ 
IS All the temperature sensors are calibrated by placing tiiem (separated from the structures whose temperatures 
they measure) first in a stable. stined-oO. temperature controlled t>ath at 40''C and measuring the actual output voltages 
at the inputs to the multiplexer 492. The temperature sensors are tiien placed in a both at a terTf>erature of 95<'C and 
their output voltages are again measured at the same points. The output voltage of the calibration voHage generator 
506 is also measured at the input of the multiplexer 494. Fa each temperature, the digital output difference from the 
20 A/D converter 486 between each of the temperature sensor outputs and the digital output that results from tiie voltage 
generated by ttie calibration voltage generator 506 is measured. The calibration oonatants for each temperature sensor 
to caltorate each for changes in temperature may then be calculated. 

The sample block temperature sensor is then sidDfected to a further calibration procedure. This procedure involves 
driving ttie sample block to two cfifferent temperatures. At each tenperature level, the actual temperature of the block in 
25 16 different sample wells Is measured using 1 6 RTD thernxxx>uple probes accurate to within 0.02*C. An average prof Be 
fa the temperature of the block \s ttien generated and the output of the A/D converter 464 is measured witti the block 
temperature sensor in its place in ttie sample fcriock. This is done at both temperature levels. From the actual block tem- 
perature as measured by the RTD probes and the A/D output for the block temperature sensa. a further calforation fac- 
ta can be calculated. The temperature calbration factors so generated are stored in battery backed up BMA 458. Once 
-30 these calibration factors are detemnined for ttie system, it is important that the system not drift appreciably from the 
electrical characteristics ttiat existed at tiie tinie of cam)ratioa ft is inr^^ 
and ttiat ultrEdow drift resistors be used 

Ihe nianner in whk:h ttie CPU 450 controls ttie sample block temperature can be b^ 
the section below desatoing tile control program. However, to IQustrate how the electronic circuitry of Figure 47 ooop- 
35 erates witti ttie control software to can7 out a PCR protocol conskJer ttie following. 

The zero crossing detecta 566 has two outputs in output bus 56a One of ttiese outputs emits a negative going 
pulse for every positive going transition of the A.C. signal aaoss ttie zero voHage reference. The ottier emits a negative 
pulse upon every negative^oing transition of ttie A.C.' signal across the zero reference voltage level. These two pulses, 
shown typically at 580 d^ine one complete cycle a two half cycles. It is ttie pulse trains on bus 568 which define ttie 
40 200 millisecond sample periods. Fa 60 cyde/sec A.G. as found in ttie U.S.. 200 mflliseconds contains 24 half cydes. 

A typical sample period is shown in Figure 49. Each Ttok* mark in Rgur© 49 represents one half cyda During each 
200 msec sample period, ttie CPU 450 Is cafoulating ttie amount of heating a cooling power needed to maintain ttie 
sample block temperature at a user defined sieftpoint a incubatfon temperature a to move ttie bfock temperature to a 
new temperature depending upon where in the PCR protocol time line tiie particidar sample period lies. The amount of 
45 power needed in each film heater zone is converted into a number of half cydes each heater zone is to remain off dur- 
ing ttie next 200 msec sample period. Just before ttie end of ttie current sample period in whfoh these calculations are 
made, the CPU 450 addresses each of ttie 4 timers in ttie programmable interval timer (PIT) 472. To each timer, the 
CPU writes data constituting a 'Ipresent" count representing the number of half cydes the heater zone assodated with 
that timer is to remain off in ttie next sample period. In Rgure 49. ttiis data is written to ttie timers during interval 590 
so just preceding the starting time 592 of ttie next sample period. Assume ttmt a rapkl ramp ip to the denaturation tem- 
perature of 94*0 is called for by ttie user setpoint data fa an interval which includes ttie sample interval between times 
592 and 594. Accoidir^ty. ttie film heaters w9l be on for most of the period. Assume ttiat ttie central zone heatiar is to 
be on for all but three of ttie half cydes during the sample period. In ttiis case, ttie CPU 450 writes a three into the coun- 
ter in PIT 472 assodated witti ttie central zone heater during intoval 590. This write operation automatically causes the 
55 timer to issue a "shut off signal on ttie particular oontrd line of bus 592 which controls ttie central zonia heater. This 
'shut or signal causes ttie PAL 484 to issue a "shut oT signal on ttie particular one of ttie signal fines in bus 538 asso- 
ciated witti ttie central zone. The triac driver 530 then shuts off at ttie next zero aossing. i.a. at time 592. The PIT 
receives a pulse train of positive-gdng pulses on line 594 from ttie PAL 484. These pulses are translations of ttie zero- 
crossing pulses on 2Hlne bus 568 by PAL 484 into positive going pulses at al^ 
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PAL 484 into positive gang pulses al all zero crossings on a single line. i.e.. line 594. The timer in PIT 472 associated 
with the central film theater zone starts countir^ down from its present count of 3 using the half cyde marking pulses on 
line 594 as its dock. At the end of the third half cycle, this timer reaches 0 and causes its output signal line on txjs 592 
to change states. This transition from the off to on state is shown at 596 in Figure 49. This transition is communicated 
to PAL 484 and causes it to change the state of the appropriate output signal on bus 538 to switch the triac driver 530 
on at the third zero-aossing. Note that by switching the triacs on at the zero crossings as is done in the preferred 
emtxxliment. switching off of a high current flowing through an inductor (the film heater conductor) is avoided. This min- 
imizes the generation of radio frequency interference or other noise. Note that the technique of switching a portion of 
£^ half cyde to the f flm heater in acoordance with the calculated amount of power needed will also work as an alter- 
native embocKment. txjt is not preferred because of the noise generated by this technique. 

The other timers of PIT 472 and 474 work in a similar manner to manage the power applied to the other heater 
zones and to the heated cover in accordance with power calculated kyy the CPU. 

Ramp cooling is controlled by CPU 450 directly through the peripheral interface 482. When the heating/cooGng 
power calculations performed during each sample perkxj indicate that ramp cooling power is needed, the CPU 450 
addresses the peripheral interface controller (PIC) 482. A data word is then written into the appropriate register to drive . 
output line 600 high. This output line triggers a pair of monostable muHivbrators 602 and 604 and causes^ach to emit 
a single pulse, on lines 606 and 608^ respectively. The^ pulses each have peak cunrents just under 1 ampere and a 
pulse duration of approximately 100 milliseconds. The purpose of these pulses is to cHve the solenoid valve coils that 
contrd flow through the ramp cooling channels very hard to turn on ramp coding flow quickly. The pulse on line 606 
causes a driver 610 to ground a line 612 coupled to one skie of the solenokJ coil 614 of one of the solenoid operated 
valves. The other terminal of the coil 61 4 is coupled to a power supply "rail' 61 6 at +24 voHs DC from power supply 576. 
The one shot 602 controls the ramp cooling solenoid operted valve for fkNtf in one diredton, and the one shot 604 con- 
trols the sdendd operated valve for flow in the opposite diredton. 

Simultaneously, the activation of the RCOOL signal on line 600 causes a driver 618 to be activated. This driver 
grounds the line 612 through a current limiting resistor 620. The value of this current limiting resistor is such that the 
cun^ent flowing through line 622 is at least equal to the hold cunrent necessary to keep the sdendd valvei 614 open. 
Solenoki cdls have transient characteristics that require large currents to turn on a solenoid operated valve kxit si^ 
stantialty less current to keep the valve open. When the 100 msec pulse on line 606 subskJes, the driver 612 ceases 
directly grounding the line 612 leaving only the ground connection through the resistor 620 and driver 618 for hokfing 
current. 

The solenokJ valve 614 controls the flow of ramp cooling oodant through the sample bk)ck in only 1/2 the ramp 
coding tubes. i.e., the tut>es carrying the coolant in one direction through the sample block. Another sdenokl operated 
valve 624 controls the coolant flow of coolant through the sample block in the opposite direction. This valve 624 is driven 
in exactly the same way as solendd operated vafve 61 4 by drivers 626 and 628. one shot 604 and line 608. 

The need for ramp cooling is evaluated once every sanple period. When the PID task of the control software deter- 
mines from measuring the block temperature and comparing it to the desired tkxk temperature that ramp coding is no 
longer needed, the RCOOL signal on line 600 is deactivated. This is done by the CPU 450 by addressing the PIC 482 
and writing data to it which reverses the state of the appropriate bit in the register in PIC 482 which is coupled to line 
600. 

The PIT 474 also has two other timers therein which time a 20 Hz intenxipt and a healing LED which gives a visible 
Indicatton when the sanple t)k)ck is hot and unsafe to touch. 

The system also indudes a beeper one shot 630 and a beeper 632 to warn the user when an incorred keystroke 
has be^ made. 

The programmatDle intenrupt controller 476 is used to deted 7 intenrupts; Level 1- test; Level 2-20 Hz; Level 3 - 
Transmit Ready; Level 4 - Receive ready; Level 5 - Keyboard interrupt; Level 6 - Main heater turn on; and, Level 7 - A.C. 
line zero crosa 

The peripheral interface controller 482 has four outputs (not shown) for contrdling the multiplexers 492 and 494. 
These signals MUX1 EN and MUX2 EN enable one or the other of the two multiptexers 492 and 494 while the signals 
MUX O and MUX 1 control which channel is seleded for input to the amplifier 578. These signals are managed so that 
only one channel from the two multiplexers can t>e selected at ariy one time. 

An RLTRIQ^ signal reacts a timeout one shot 632 for the heaters which disables the heaters via adivatfon of the 
signal TIMEOLTT EN* to the PAL 484 if the CPU crashes. That is, the one shot 632 has a predeternftined interval which 
it will wait after such trigger before it activates the signal TIMEOUT EN* which disables all the heater zones. The CPU 
450 executes a routine periocGcally which addresses the PIC 482 and writes data to the appropriate register to cause 
activation of a signal on line 634 to trigger the one shot 632. If the CPU 450 "crashes" for any reason and does not exe- 
cute this routine, the timeout one-shot 632 disables all the heater zones. 

The PIC 482 also has outputs COVHTR EN* and BLKHTREN* (not shown) for enabling the heated cover and the 
sample t)loGk heater. Both of these signals are active tow and are controlled by the CPU 450. Th^ are output to the 
PAL 484 via bus 636. 
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The PIC 482 also outputs the signals BEEP and BEEPCLR* on bus 640 to control the t)eeper one shot 630. 

The P IC 482 also outputs a signal MEM 1 (not shown) which is used to switch pages between the high address sec- 
tion of EPROM 456 and the low address section of battery RAM 458. Two other signals PAGE SEL 0 and PAGE SEL 1 
(not shown) are output to select between four 1 6K pages in EPROM 456. 
5 The four tenperature sensors are National LM 135 zener diode type sensors with a zener voHage/temperature 
dependence of 10 mV/^K. The zener diodes are driven fron the related power supply 498 through the20K resistor 496. 
The current through the zeners varies from approximately 560 |iA to 615 mA over the O^C to 100*C operating range. The 
zener self heating varies from 1 .68 mW to 2.10 mW over the same ranga 

The multiplexers 492 and 494 are DG409 analog switches. The voltages on lines 488 and 490 are amplified by an 
10 AD625KN instrumentation amplifier with a transfer function of ^q^^ 3*V,n - 7.5. The A/D converter 486 is an 
AD7672 with an input range from 0-5 volts. With the zener temperature sensor ou^ut from 2.73 to 3.73 volts over the 
O'^C to lOO^'C range, the output of the amplifier 578 wifl be 0.69 volts to 3.69 volts, which is comfortably within the A/D 
input range 

The key to highly accurate system performance are good accuracy and low drift with changes In anfoient temper- 

15 atura Both of these goals are achieved t>y using a precision voltage reference source, i.e.. calibration voHage generator 
506, and continuously monitoring its output through the same chain of electronics as are used to monitor the outputs of 
the temperature sensors and the AC line voltage on line 510. 

The caiaMBtion voltage generator 506 outputs two precision voltages on lines 650 and 652. One voltage is 3.75 
volts and the other is 3.125 volts. These voltages are obtained by dividing down a regulated supply voltage using a 

20 string of uHralow drift, integrated, thin f Qm resistors with a 0.05% match between resistors and a 5 ppm/degree C tem- 
perature drift co^ident between resistDrs. The calibration voltage generator also generates -5 voHs for the A/D con- 
verter reference voltage and -7.5 voHs fbr the instrumentation amplifier offset. These two voltages are communicated to 
the A/D 486 and the amplifier 576 fcyy lines which are not shown. These two negative voHages are generated using the 
same thin film resistor network and OP 27 GZ op-amps (not shorn). The gain setting resistors for the operational ampli- 

25 fier 578 are also the ultralcw drift, thin-f am, integrated, niatched resistors. 

The control firmware, control electronics and the block design are designed such that wall-tO'waH and instrumeitt- 
to-mstrument transportability of PCR protocols is possible 

High throughput laboratories benefit from instruments wtvch are easy to use for a wide spectrum of lab personnel 
and which requires a minimal amount of training. The software for the invention was developed to handle complex PCR 

30 thermocycling protocols while remaining easy to program. In addition, it is provided with safeguards to assure the integ- 
rity of samples during power intenruptions, and can do^tment the detailed events of each run in safe memory. 

After completing power-up self-checks shown in Figures 53 and 54, to assure the operator that the system ks oper- 
ating properiy, the user interface of the invention offers a simplei top-level menu, invitir^ the user to run, aeate or edit 
a file, or to access a utility function. No programming skills are required, since pre-existing default files can k>e quKkly 

3S edited with customized times and temperatures, then stored in memory for later use. A file protection scheme prevents 
unauthorized changes to any user's programs. A file normally consists of a set of instructions to hoM a desired temper- 
ature or to thermocyde. Complex programs are created by linking files together to form a method. A comnfx>nly used 
file, ^uch as a 4<'C incubation foOowing a thermocyde. can be staed and then Incorporated into methods created by 
ottier users. A new type of file, the AUTO file is a PCR cycling program which allows the user to specify which of several 

40 types of changes to control parameters will occur each cyde: time inaementing (auto segment extension, for yield 
enhancement), time decrementing, or temperature incrementing or decrementing. For the highest degree of control 
predsion and most reliable methods transferability, temperatures are setat)le to 0.1 ""C. and times are programmed to 
the nearest second. The invention has the atnlity to program a scheduled PAUSE at one or more setpdnts during a run 
fbr reagent adcfitions or fbr renxsval of tii^es at specific cydes. 

4S The system of the invention has the alMlity to store a 500 record history file for each run. This feature allows the 
user to reriew the individual steps in each cyde and to flag any special status or error messages relating to in^egulari- 
ties. With the optional printer, the invention provides hardcopy documentation of file and method parameters, run-time 
time/temperature data with a time/date stamp, configuration parameters, and sorted file directories. 

In order to assure reproducible thermocycling, the computed sample tmperature is displayed during the ramp and 

60 hold segments of each q^e. A temper atu re one degree tower tiian the set temperature is normally used to trigger the 
ramp-time and hold-time docks^ txit this can t>e altered by the user. Provided the proper time constant for the type of 
tube and volume is used, the sample win always approach the desired sample temperatore with the same accuracy, 
regardless of whettier long or short sample incut>ation times have t>een programmed. Users can program slow ramps 
fbr the spedalized annealing requirements of degenerate primer pools, or very short (1 -5 sec) high-temperature dena- 

55 turation periods fbr very GC rich targets. Intelligent defaults are preprogrammed for 2- and 3-temperature PCR cydes. 
Diagnostic tests can be accessed by any users to check the heating and cooling system status, since the software 
gives Pass/Fail reports. In addition, a system performance program performs a comprehensive sutssystem evaluation 
and generates a summary status report 

The contrd firmware is comprised of several sections which are listed below: 
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- Diagnostics 

- Calibration . - 

- Install 

Real time operating system 

- Nine prioritized tasks that manage the system 

- Start-up sequence 

- User interface 

The various sections of the firmware will be descr&>ed with either textual description, pseudocode or both. 
Features of the firmware are: 

1 . A Control system that manages the average sample block temperature to within 0. r C as well as maintaining 
the temperature non-unHbrmity as between wells in the isample block to within -^-O.S'C. 

2. A temperature control system that measures and compensates for line voHage fluctuations and electronic tem- 
perature drift. 

3. Extensive power up diagnostics that detemiine if system components are woridng. 

4. Comprehensive diagnostics in the install program which qualify ttie heating and cooling systems to insure ttiey 
are working property. 

5. A logical and organized user interface, emptoying a menu driven system that aflows instrument operation wttfi 
minimal dependency on the operators manual. 

6. The ability to link up to 1 7 PGR protocols and store them as a method. 

7. The ability to store up to 1 50 PGR protocols and methods In the user interlace. 

a A history file tiiat records up to 500 events of the previous run as part of the sequence task. 

9. The ability to define tiie reaction volume and tube size type at tfie start of a run for maximum temperature accu- 
racy and control as part of the user interface and which modifies tau (ttie tube time constant) in the PID task. 

10. Upon recovery from a power failure, the system drives ttie sample block to 4^*0 to save any samples tiiat may 
be loaded in tiie sample compartment The analyzer also reports the duration of ttie power failure.as part of ttie 
sequence task. 

11 . The ability to print history file contents, "ain time** parameters and stored PGR protocol parameters as part of 
the print task. 

1 2. ITie ability to conf igure to which.the apparatus will retum during aiy klle stat& 

13. The atxiity to check that the set point tiemperature is reached wAh a reasoreble amount of time. 

1 4. The ability to control the instrument remotely via an RS232 port 
There are several levels of diagnostics which are described below: 

A series of power-up tests are automatically perionmed each time ttie instrument is tumed on. They evaluate critical 
areas of the hardware wittiout user intervention. Any test ttiat detects a component failure will be run again. If ttie test 
fails twk:e. an error message is displayed and the keyboard is electronically locked to prevent ttie user from continuing. 

The following areas are tested: 

Programmable Peripheral Interfece device 
Battery RAM device 
Battery RAM checksum 
EPROMdevfces 

Programmable Interface Timer devk;es 
Clock / Calendar device 
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Programmable Interrupt ControDer device 
Analog to Digital section 
Temperature sensors 
Verify proper configuration plug 

A Series of service only diagnostics are availat>le to final testers at the manufacturer's location or to field s^ce 
engineers through a "hidden" keystroke sequence (I.e. unknown to the customer). Many of the tests are the same as 
the ones In the start diagnostics with the exception that they can be continually executed up to 99 times. 

The fblkMring areas are tested: 



Programmable Peripheral Interface deme 
Battery RAM device 
Battery RAM checksum 
EPROM devices 

Programmable Interface Timer devices 

Clock / Calendar device 

Programmable Interrupt ControOer device 

Analog to Digital section 

RS-232 section 

Display section 

Keytx)ard 

Beeper 

Ramp Cooling Valves 

Check for EPROM mismatch 

Rrmware version level 

Battery RAM Checksum and Initiarizalion 

Autostart Program Flag 

Gear Calibratfon Flag 

Heated Cover heater and control circuitry 

Edge heater and control circuitry 

Manifold heater and control circuitry 

Central heater and control circuitry 

Sample block thermal cutoff test 

Heated cover thermal cutoff test 



Us^ diagnostics are also available to aOow the user to perfbnm a qutek cool and heat ramp verifteatioh test and an 
extensive confirmation of the heating and cooling system. These diagnosttes also bS&n the user to view the history file, 
which is a sequential record of events that occurred in the previous run. The records contain time, temperature, setpoint 
number, cyde number, program number and status messages. 

Remote Diagnostics are available to allow control of the system from an external computer via the RS-232 port. 
Contrd is limited to the 8enrk» diagnostics and inslrumem caH^^ 

Callbratibn to determine various parameters such as heater resistarice, etc. is performed. Access to the cal&>ration 
saeen is limited tiy a tikiden' k^ sequence (i.e. unknown to the customer). The fbltewing parameters are caia^rated: 

The configuration plug is a module tfiat rewires the ctvller unit sample tAock heaters, coolant pump and power sup- 
plies for the proper voltage and frequency (100V/50Hz, 100/60Hz, 120/60Hz. 220/50Hz or 230^Hz). The user enters 
the type of configuration plug installed. The flnnware uses this informatk)n to compute the equivalent resistance of the 
sample block heaters. Mpon power-up, the system verifies that the configuratbn plug selected Is consistent with the cur- 
rent line voltage and frequen^. 

The heater resistance must be determined in the calibratk>n process so that precise calculatfons of heater power 
delivered can be made. The user enters the actual resistancesof the six sample block heaters (two main heaters^ two 
manifold heaters and two edge heaters). The configuration plug phystoaOy wires the heater in series f6r 220-230 VAC 
and in parallel for 1 00-120 VAC operation. The fnrmware computes the equivalent resistance of each of tfie three heat- 
ers k)y the following formula: 



For 100-120 VAC: R^q » (Ri *R2)/Ri + R2 (7) 
F6r 220-230 VAC: R«q « Ri -i- R2 (B) 
The equivalent resistance is used to deliver a precise amount of heating power to the sanple block 
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( Power s Voltage ^ x Resistance ). 

The calibration of the A/D drcurt is necessary so that temperatures can be precisely measured. This is performed 
by measuring two test point voltages (TP6 and TP7 on the CPU board) and entering the measured voltages. The output 
of the A/D at each voltage forms the basis of a two point calibration curve. These voltages are derived from a 5 volt pre- 
5 cision source and are accurate and temperature independent At the start of each run, these voltages are read by the 
system to measure electronic drift due to temperature because any changes in A/D output is due to temperature 
dependencies in the analog chain (multiplexer, analog amplifier and A/D converter). 

Calibration of the four temperature sensors (sample block, ambient, coolant and heated cover) is performed for 
accurate temperature measurments. Prior to installation into an instrument the ambient, coolant, and heated cover 
10 temperature sensors are placed In a water bath where their output Is recorded (XX.X'^C at YYYY mV). These values are 
then entered into the system. Since temperature accuracy in these areas is not critical, a one point calibration curve is 
used. 

The sample block sensor is calibrated in the instrument. An array of 1 5 accurate temperature probes e strategically 
placed in the sample block In the prefen^ed embodiment The output of the temperature probes is collected and aver- 
15 aged by a computer. The firmware commands the block to go to 40*0. After a brief stabilizing period the user enters the 
average block temperature as read by the 15 probes. This procedure is repeated at 95^. fbrnru'ng a too point caBbration 

curve. 

Calibration of the AC to DC line voltage sampling circuit is performed by entering into the system the output of the 
AC to DC circuit for two given AC input voltages, forming a two point Galibratk}n curve. The output of the circuit is not 
20 linear over the required range (90 • 260 VAC) and therefore requres two points at each end (1 00 and 120. 220 and 240 
VAC), but only uses one set based on the current input voltage. 

An accurate measure of AC voltage is necessary to deliver a predse amount of power to the sample block 
(Power 8 Voltage^ X Resistance). 

The Install program is a diagnostic tod that performs an extensive test of the cooling and heating systems. Ir^l 
25 measures or calculates control cooling conductance, ramp cooling conductance at lO^'C and IS'^C. cooling power at 
1 0*C and 20**C. sample bk>ck themial and coolant capacity and sample block sensor lag. The purpose of install is three 
fold: 

1. To uncover marginal or faulty components. 

30 

2. To use some of the measured values as system constants stored in battery backed up RAM to optimize the con- 
trol system for a given instrument. 

3. To measure heating and cooling system degradatk)n over time 

35 

Install is executed once before the system is shipped and should also be run before use or whenever a major com- 
ponem is replaced. The Install program rnay also be run by the user u^ 

The heatar ping test verifies that the heaters are property configured for the cunrent line vONage O-e. in parallel for 
90-132 VAC and in series for 208-264 VAC). The firmware supplies a burst of power to the sample triock and then mon- 
40 itors the rise in temperature oyer a 10 second time period. If the temperature rise is outside a specified ramp rate win- 
dow, then the heaters are inconrectly wired for the current line voltage and the Install process is terminated. : 

The control cooling conductance tests measures the thermal conductance Kqg across the sample block to the con- 
trol cooling passages. This test is performed by first driving the sample block temperature to OO'^C (ranrp valves are 
ck»sed). then integrating the heater power required to maintain the bkx:k at 60''C over a 30 second time period. The Inte- 
45 grated power is divided by the sum of the difference between tfie tAock and coolant temperature over the interval. 

K^s£ Heater Power ^pQ/ZBHodk-CodardJeap (9) 

Typical values are 1 .40 to 1 .55 Watts/^C. A tow Kcc may indicate a clogged liner(s). A high K^c may be due to a ramp 
so valve that is not completely closed, leakage of the coolant to the outskJe diameter of the liner, or a liner that has shifted. 

The bkxdc thermal capacity (BIk Cp) test measures the thermal capacity of tfie sample block 1^ first oontroning the 
block at 35*C then applying the maximum power to the heaters for 20 seconds. The fcrfock thermal capacity is equal to 
the integrated power divided t}y the difference in block temperature. To increase accuracy, the effect of bias cooling 
power is sidMracted from the integrated power. 

55 

BIk Op s ramp time* (heater -control cod pwr)/ delta tempi (10) 

where: 



4il 
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ramp time = 20 seconds 

heater power s 500 watts 

corrtrol cool « (Itslock- ooolanttemp) * 

delta temp s TBIods^ - TBiocku) 

5 

The typical value of Block Cp is 540 watt-seconds/^C ± 30. Assuming a normal K^c value, an inaease in block ther- 
mal capacity is due to an inaease in themnal loads, such as moisture in the foam k)acidng. loss of insulation around the 
sample tHodK, or a decrease in heater power such as a failure of one of the six heater zones or a faflure of the electronic 
circuitry that drives the heater zones, or an incorrect or an incorrectly wired voltage configuration module. 
10 A chiller test measures the system cooling output in watts at 1 0^'C and 18^C. The system cooling power, or chiller 
output, at a given temperature is equal to the summation of thermal loads at that temperature. The main components 
are: 1 . heating power required to maintain the t)locK at a given temperature, 2. power dlsslpatied by the pump used to 
circulate the coolant around the system, and 3. losses in the coolant lines to the amt)ient The chiller power parameter 
is measured by controlltng the coolant temperature at either ^0'*C or IS^'C and Integrating the power applied to the sarn- 
ie pie block to maintain a constant coolant temperature, over a 32 second interval. The cGfference t^etween the ttock and 
coolant temperature is also integrated to conpute losses to ambient temperatura 



so 



Chiller power a £ Heating power -hPunp power -h(Kanrt>*2:(blk-a>ol temp)) (11) 



20 where: 



heating power « Sum of heating power required to maintain coolant at 1 0*C or 18*^0 over time 32 seborkiSw 

Pump Power = Circulating pump, 12 watts 

Kamb = Conductance to ambient. 20 watts/^C 

25 bik-oool temp a Sum of difference in bfock and coolant temp over time 32 seconds 

TTie typical value for chiller power is 230 watts ± 40 at lO'^C and 370 watts ± 30 at IS^'C. Lxyw chiller power may be 
due to an obstruction in the fan path, a defective fan. or a margirel or faulty chiller unit. It may also be due to a miswired 
voltage configuration plug. 

30 A ramp cooling conductance (Kc) test measures the thermal conductance at lO^'C and IS^'C across the sample 
block to the ramp and control cooling passages. This test is perfdmned by first controiling the coolant temperature at 
lO'^C or 1 S'^C. then integrating, over a 30 second time interval, the heating power applied to maintain the coolant at the 
given temperature cfivkJed by the difference of t)lock and coolant temperature over the time interval. 

3S a £ Heating power /£ (block -coolant temperature) (12) 

Typical values for are 28 watts/°C ± 3 at 1 0^'C and 31 watts/^'C 

± 3 at 18''C. A fow may be due to a closed or ot>structed ramp valve, kinked coolant tubing, weak pump or a hard 
water/Prestone™ mixtura 

40 A sensor lag test measures the block sensor lag by first controlling the block temperature to 35*C and then applying 
500 wans of heater power for 2 seconds and measuring the time required Ibr the btock to rise 1 *G. Typical vahies are 
1 3 to 1 6 units, where each unit is equal to 200 ms. A slow or long sensor lag can be due to a poor interface k)6tween 
the sensor and the block, such as lack of thermal grease, a poorly machined sensor cavity or a faulty sensor. 

The remaining Install tests are cunrently executed by the install program but have limited diagnostic purposes due 

45 to the fact that they are calculated values or are a functkxi of so many variables that their results do not determine the 
source of a prot>lem accurately. 

The instaD program calculates the slope of the ramp cooling conductance (Sc) k>etween IS^'C and lO^C. It is a 
measure of the linearity of the conductance curve. It is also used to approximate the ramp cooling conductance at O^C. 
Typical values are 0.40 ± 0.2. The spread in values attest to the fact that it is just an approximation. 



Sc = (Kc_18* - Kc_10») / (18*^0 - lO^C) (13) 

The instaD program also catenates the cooling conductance K^, K^o is an approximatfon of the cooling conduct- 
ance at 0**C. The value is extrapolated from the actual conductance at 10*0. Typical values are 23 watls/'C ± 5. The 
formula used is: 

Kco«Kc_10-(ScMO«C) (14) 



The instal I program also calculates coolant capacity (Cool Cp) which is an approximation of thenral capacity of the 
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entire coolant stream (coolant plumbing lines, heat exchanger, and valves). The cooling capacity is equal to compo- 
nents that pump heat Into the coolant minus the components that remove heat from the coolant. The mechanics used 
to measure and calculate these components are conptex and are described in detail in the source code desaiption 
section. In this measurement the coolant is allowed to stabilize at lO^'C. ^4ax^nfUJm heater power is applied to the sam- 
ple block for a period of 128 seconds. 

Cool Cp = Heat Sources • Coolant sources (1 5) 

Cool Cp s Heater Power -i- Pump Power + Kamb * (£Tamb - £Tcool) (16) 

- Block Cp * (Tblockj^ - Tblockt.128) 

- Average Chiller Power between Tooolt^ and Toool|.t28 

Characters enck>sed in { } indteate the variable names used in the source code. 

Heater-Ping Test Pseudocode: 

The heater ping test verifies thai the heaters are properly wired for the current line voltage. 
Get the sample block and coolant to a known and stable point. 

Turn ON the ramp cooling valves 

Wait lor the k)k>ck and coolant to go below S'^C 

Turn OFF ramp cooling valves 

Measure the cooling effect of control cooling by measuring the block temperature drop over a 10 second time 
interval. Wait 10 seconds for stabilization before taking any measurements. 

Wait 10 seconds 

tempi - block temperature 

Wait 10 seconds , . 

temp2sbk)ck temperature . 

{tempa} B tennp2 - tempi 

». • . 

Examine tiie variat>le {Irnevolts} which contains the actual measured line voltage. Pulse the heater with 75 watts 
for a line voltage greater tiien 190V or with 300 watts if it less than 140V. 



if ({linevolts) > 190 Volts) then 

deliver 75 watts to heater 
else 

deliver 300 watts to heater 



Measure the temperature rise over a 10 second time period. The result is the average heat rate in 0.01 **/second. 

tempi s btock temperature 
Wait 10 seconds 
temp2 s block temperature 
{tenpb} s Xmp2 - tempi 

Subtract the average heat rate {tempb} from the control cooling effect to cateulate true heating rate 

heedLrate = {tempb} - {tempa} (1 7) 

Evaluate the heat.rate. For 220V-230V. the heat rate should be less than 0.30 Vsecond. For 100V-120V the heat 
rate should he greater than 0.30 ''/second. 
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if (linevoltage « 220V and heat^rate > 0,30 ^/second) 

Error -> Heaters wired for 120 
Lock up keyboard 
if (linevoltage « 120V and heat^rate < 0-30 •/second) 

Error -> Heaters wired for 220 
Lock up keyboard 

KCC Test Pseudocode : 

This test measures the oontroi cooling conductance also known as K^. 
1^ is measured at a block temperature of 60*0. 

Drive t3k>ck to eo^'C 

Maintain tHock temperature at eO'^C for 300 seconds 

Integrate the power k>eing applied to the sanrple \nllock heaters over a 30 second time period. Measure and Inte- 
grate the power required to maintain the block temperature with control cooling bias. 

{dt_sum} = 0 (delta temperature sum) 
{main_pwr_sum} = 0 (main heater power sum) 
(auxjpwrjsum) a 0 (auxiliary heater power sum) 

for (count = 1 to 30) 



then 



then 
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{dt_6U2n> « {dt^sum} ^ (block teaperature ^ coolant 
t«mp«ratur«) 

valt 1 sec 

Accuaulat:^ th^ pover applied to tha aaln and 
auxiliary baatars* Tha actual coda rasidaa in the 
FID control task and is therefora su&nad avary 

200lZL6« 

{main_pvr_sujn} - <aain_pwr_suin) -f {actualjpover} 
(aux_j)wr_8ua} « {auicj?vr^6ua} <auxl_actual} ^ 
{aux2_actual} 

) 

Compute the conductance by dividing the power sum by the temperature sum. Note that the units are 10 mW/"C. 

= ({mainjDwr^sum} + {awLpwrjsum}) / {dLsum} (18) 

BLOCK CPT^Ps^pgpcle: 

This test measures the sample block themnal capacity. 
Drive the block to 35«C 

Control block temperature at ZS^C for 5 seconds and record initial temp^ratura 
initial Jemp = block temperature 

Deliver maximum power to heaters for 20 seconds white summing the difference in bk)ck to coolant temperature 
as well as heater power. 

Deliver 500 watts 

{dt sum} 8= 0 

for (count = l to 20 seconds) 
{ 

{dt^sutt} • {dt^suin} + (block temperature - coolant 
texDperature] 

wait 1 second 
} 



deltajemp » block temperature - initial Jemp 
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Compute the joules in coding power due to control cooling which occurs during ramp. 

cooljoule s Control cooUng conductance (K ^) * {dt jsum} (20) 

5 Conpute the total joules applied to the block from the main heater and control cooling. Divide by temp change 

over the interval to compute thermal capacity. 

Block CP « ramptime " (heater power - cooljoule) / dettiUenp (21) 

10 where: ramptime » 20 seconds 
heater power » 500 Wdtts 

COOL.PWR.IO: 

This test measures the chiller power at lO^'C. 
15 Control the coolant tenperature at 10*C and slatMlize Ibr 120 seca 

count =120 

do vhile (count != 0) 

20 { 

it (coolant temperature = 10 l O.S^C) then 



count « count - 1 
else 

count « 120 
^ wait 1 second 

} 

3S At this point the coolant has been at lO^'C for 120 seconds and has stabilized. Integrate, over 32 seconds, the 

power being applied to maintain a coolant tempmrture off 10*C. 

{oooljnit} = coolant temperature 
{main j)wr_sum) = 0 
40 (aux _pwr_sum}«0 
{deltajempjsum} 8 0 



so 
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for (count =~^1 -tb^-QZ) " — - - ■ . ^ it._ 

{ 

Accumulate the power applied to the main and 
auxiliary heaters. The actual code resides in the 
control task. 

{niain_pwr_suin) -= {inainj>wr_6um} -t- actual^power 
<aux_pwr_suin} = {aux_pwr_Bum> + auxl_actual + 
aux2_actual 

delta^temp^sum « delta^tenp^sum (ambient t.einp - 
coolant temp) 

wait I second 
} 

(k)mpute the number of joules of energy added to the coolant mass during the integration interval, "(coolant 
temp - cooljnit)'* is the change in coolant temp during the integration interval. 550 is the Cp of the coolant in joules, thus 
the product is in joules. It represents the extra heat added to the coolant which made it drift from selpoint during the 
integration inten/al. This error is subtracted below from the total heat applied before calculating the cooling power. 

cool Jnit s (coolant temp - codjnit) * 550J (22) 

Add the main power sum to the aux heater sum to get joules dissipated in 32 seconds. Divide by 32 to get the 
average joides^ec. 

{main_pwrjsum} « ({main_pwr_sumH{auxj)wrj8um} - cooljnit) / 32 (23) 
Compute the chiller power at 1 0'^C by summing all the chaier power components. 

Power iQoc = niain jpowerjsum + PUMP PWR + (KAMB * deitajemp.sum) (24) 

where: 

{main jjwr.sum) = summation of heater power over interval 

PUMP PWR = 12 Watts, pump that circulates coolant 

delt06vnp_8um s summation of amb - coolant over interval 

K_AMB B 20 Watts/K. themnal conductance from cooling to ambient 

KC lOTestPswcteoPde: 

This test measures the ramp cooling conductance at lO^C. 

Control the coolant temperature at 1 0^'C ±^.5 and allow it to stabilize for 1 0 secorKls. 

At this point the coolant is at setpoint and is being controlled. Integrate, over a 30 second time interval, tfie 
power being applied to the heaters to maintain the coolant at Sum the difference between the block and coolant 
temperatures. 

{ma!n_pwr_sum} = 0 
{auxj>wrjsum} s 0 
{dLsum}sO 
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10 



15 



20 



^eap) 



for (count « 1 to 30) 
{ 

Accumulate the power applied to the vain and 
auxiliary heaters. The actual code resides in the 
PID control task. 

{mainjpwr^suiD) - {iBain_pwr_euin) -f actualj>ow€r 
{aux_pwr_suin} « {auxjpwr^suiD} ^ auxl_actual 
aux2_actual 

{dt_6\iiB) « {dt_6uiD> (block temperature ^ coolant 

wait 1 second 
> 



25 



Compute the energy in joules delivered to the tkxk over the summation period. Units are in 0.1 watts. 

{main j3wrjsum} s {main j>wfrj5um} + {ausupwr.sum} (2^ 

Divide the power sum by tAock - coolant temperature sum to get ramp cooling conduclance in 1 00 mW/K. 

30 Kc.10 = {mainjwrjBum) / {dt.sum} (26) 

QOQ, PyyR IgTig^P^^MdOffOd^: 

This test measures the chiller power at Id^'C . 
35 Get the sample block and coolant to a known and stable point Control the coolant temperature at 1 B'C and sta- 

K)8izef6r 128 sees. 

count « 128 
^ do vhile (count !« 0) 

{ 

if (coolant temperature « 18*C ± 0.5) then 
count « count - 1 
^ else 

count « 120 
wait 1 second 
) 



so 



At this point the coolant has been at IS^'C for 120 seconds and has stabilized. Integrate, ever 32 seconds, the 
power t>eing applied to maintain a coolant temperature off 18*C. 

{oooljnit} B coolant temperature 
{main_pwr_sum} = 0 
{aux_pwr_sum} = 0 
{deltajtempjsum} » 0 
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for (count « 1 to 32) 
{ 

Accumulate the power applied to the sain and 
auxiliary heaters. The actual code resides in the 
control task. 

{inain_pwr_suiQ} = {mainjpwr^sua} + actualjpover 
{aux_pwr_6um} ■= {auxj>wr_sujn} + auxl^actual + 
aux2 actual 



20 delta_teinp_suin «= delta_^teinp_su3n + (ax&bient temp - 

coolant temp) 

wait 1 second 
} 

25 

Compute the number of joules of energy added to the coolant mass during the integration interval, "(coolant 
temp - cooljnit)** is the change in coolant temp during the integration interval. 550 is the Cp of the coolant in joules, thus 
the product is in joules. It represents the extra heat added to the coolant which made it drift setpoint during the integra- 
30 tion interval. This error is subtracted below from the total heat applied before calculating the cooling power. 

cooljnit B (coolant temp - cooljnit) * 550 (27) 

Add main power sum to aux heater sum to get joules dissipated in 32 seconds. Divide by 32 to get the average . 
35 joules/sec. 

(mainjawr^sun) = ({nriainj3wrjsum}+[auxj3wrj5um} - cooljnit) / 32 (28) 
Compute the chiller power at IS^'C by summing all the chiller power connponents. 

40 

Power ,8-0 = mainjx)wer_sum + PUMP PWR + (K.AMB * deltajtemp_sum) (29) 

where: 

45 {mainj3wr.sum} s summation of heater power over interval 
PUMP PWR » 12 Watts, pump that drcutates coolant 
deltajemp_sum s summation of amb - coolant over interval 
K.AMB a 20 Watts/K. Thermal conductance from oooCng to ambient. 

50 KC 18 Test Pseudocode! 

This test measures the ramp cooling conductance at IS^'C. 
Control the coolant temperature at 18^C ± 0.5 and allow it to stabilize for 10 seconds. 
At this point the coolant is at setpoint and bang controlled. Integrate, over a 30 second time interval, the power 
55 being applied to the heaters to maintain the coolant at 1 d^'C. Sum the difference between the block and coolant temper- 
ature. 



{mainj3wr_sum) = 0 
{auxjiwrjsum} » 0 



{dLsum} s 0 
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for (count « 1 to 30) 

{ 

Accumulate the power applied to the main and 
auxiliary heaters. The actual code resides in the 
control task. 

{inain_pwr_6uiD} « <{inain_pvr_6um} + actual^over . 
{auxj>wr_sum) « {aux_pwr_6uin) + auxl_actual + 
aux2_actual 

{dt_suiD} « {dt^sum} + (block temperature • coolant 

tenp) 

wait 1 second 
} 

Corrpute the energy in joules delivered to the block over the summation period. Uhits are in 0.1 watls. 

{mainj3wr_sum} s {mairi^pwrjsum} -I- {aux_pwr.^^ (30) 
Divide power sum t)y block - coolant temperature sum to get ramp cooling conductance in 100 mW/K. 

Kc_18 = {mainj3wrjBum} / {dtjBum} (31) 

SENLAQ Test Psevriooode: 

This test measures the sample block sensor lag. 

Drive the block to ZS^C. HoM within ± 0.2^C for 20 seconds then record temperature of btodc 

{tempa} » bk>ck tenrq)erature 

Deliver 500 watts of power to sample block. 

Apply 500 watts of power for the next 2 seconds and count the anriount of iterate 
temperature to inaease 1*C. Each kxsp iteratton executes every 200 tvs, therefore actual sensor lag is equal to count 
*200ms. 

secsoO 
count a 0 



MO 
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do while (TRUE) . *' " * - . • 

{ 

If (sees >a 2 seconds) then 

shut heaters off 
if (blocJc temperature - tenpa > 1.0*C) then 

exit while loop 



count = count + 1 
} 

end do while 



sensor lag = count 
Coolant CP Test Pseudocode: 



This test computes the coolant capacity of the entire system. 
Stat>iiize the coolant temperature at 1 0^'C ± 0.5. 

Send message to the PiD control task to ramp the coolant temperature from its cunrent value (about lO^'C) to 

18*C. 

30 Wkit for the coolant to cross 1 2^C so that the coolant CP ramp alw^ starts at the same temperature and has 
dearly started ramping. Note the initial ambient and block temperatures. 



do while (coolant temperature < 12*0) 
{ 

wait 1 second 
) 



{Ukjdelta} B t)lock temperature 
{hSojdelta} » coolant temperature 

For the next two minutes, while the coolant temperature is ramping to 18*0, sum the coolant tempercrture ar>d 
the difference l>etween the amt)ient and coolant temperatures. 

{temp_sum} = 0 
50 {cooljsum} = 0 



55 



44 
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10 



for (count: 1 to 128 seconds) 
{ 

(32) {cool^sum} « cool^tenp^BUiD + coolant 
temperature. 

(33) {texap^sxxin} « ambient - coolant temperature 
wait 1 second 

count ■= count + l 
) 



15 

Calculate the change bi tempeiatures over the two minute period. 

(Ukjdelta} « block temperature - {t)IKjdelta} (34) 

20 {h2ojdelta} ° coolant temperature -{h2ojdelta} (35) 

Compute KChill. i.e., the rate of change of cNller power with coolant temperature over the coolant range of lO^C 
to 20»C. Note that units are in watts/IO^'C. 

25 Kchill » (Chiller Pwr ® 18<»C - Chiller Pwr ® 10<>C) (36) 

Compute Sc which Is the slope of the ramp cooling conductivity versus the tenperature range of IS^'C to lO^'C. 
The ur^ are n watls/lO*'C/l(ra 

30 Sc = (KcJ8-Kc_10)/8 (37) 

Compute KcJ). the ramp cooling conductance extrapolated to C'C. 

Kc_0«KcJO-(ScMO) (38) 

Compute Cp.Cool, the Cp of the coolant t)y: 

Cp.Cooi = ( HEATPOWER * 128 + PUMP.PWR * 128 - Power @ O'^C * 128 
- BlocK.Cp * t)lkjclel1a -i- K.AMB * temp.sum - Kchill * cooljemp.sum ) / h2oJlelta 



35 



40 



where: 



so 



HEATPOWER «500 W. the heater power applied to warm the bk)Ck, thus heating the oodant. It is multiplied by 128^ as 
the heating interval was 128 sees. 

PUMP_PWR s 12 W, the power of the pump that circulates the coolant multiplied by 128 seconds. 

PwrjO'^Cs The chaier power at 0*Cnijltipliedt>y 128 seconds. 

Bk)ck_Cpa Thermal capacity of sample Nock. 

t)lkdeltas Change in t)k)ck temp over the heating interval. 

55 KAMBs 20 Watts/K.thernriala)nductance from cooling to ambient 

tempjBums The sum once per second darft>iem- coolant tenperature over the tm 

h2ojdelta» Change nrioooiamtenriperBture over intennd of heating (approximately 



Kchill = 
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Slope of chfller power versus coolant temp. 



cooljsum = The sum of coolant tenp. once per second, over the heating interval. 
REAL TIME OPERATING SYSTEM - CRETIN 

CRETIN Is a stand alone, multitasking kernel that provides system services to other software modules called taste. 
Tasks are written in the "C" language with some time critical areas written in Intel 8085 assembler. Each task has a pri- 
ority level and provkies an independent function. CRETIN resides in k>w memory and runs after the startup diagnostics 
have successfully been executed. 

CRETIN handles the task scheduling and allows only one task to run at a time. CRETIN receives all hardware inter- 
mpts thus enabling waiting tasks to run when the proper intenri^ Is received. CRETIN provides a real time ckxk to 
allow tasks to wait for timed events or pause for known intervals. CRETIN also provkles intertask oonvnunication 
through a system of message nodes. 

The firmware is composed of nine tasks which are briefly desaibed in priority order below. Subsequent sections 
win describe each task in greater detail. 

1. The control task (RID) is responsible for controlling the sample btock temperature. 

2. The keyboard task is responsible for processing keyboard input from the keypad. 

3. The timer task waits for a half second hardware intenript, then sends a wake up message to both the sequence 
and the display task. 

4. The sequence task executes the user programs. 

5. The pause task handles programmed and keypad pauses when a program is running. 

6. The display task updates the display in real tima 

7. The printer task handles the RS-232 port oomnunicatton and printing. 

8. The [JED task is responsible for driving the heating LED. It is also used to control the coolant temperature while 
e)»cuting Install. 

9. The nnk task starts files that are linked together in a method by simulating a keystroke. 
Block TOTPffrtur^ Comrtf Prpqrgm f PP Task) 

The Proportional Integral Differential (PID) task is responsft)le for controlling the absolute sample block temperature 
to O.rC. as well as controlling the sample block temperature non-uniformity (TNU, defined as the temperature of the 
hottest well minus the temperature of the cokJest well) to less than ± 0.5<'C by applying more heating power to the perim- 
eter of the bkxic to cornpensale for k)sses through the guard band edges. The PID task Is also responsible for control- 
ling the temperature of. the heated cover to a less accurate degree. This task runs 5 times per second and has the 
highest priority. 

The amount of heating or cooling power delivered to the sample block is derived from the difference or "error" 
between the user specified sample temperature stored in memory, called the setpoint and the current calculated sam- 
ple temperature. This scheme folkyws the standard \oop control practice. In addltton to a power contribution to the film 
heaters directly proportional to the cun-ent enror, l.a. the proportional component, (setpoint temperature minus sample 
block temperature), the cakxilated power also incorporates an integral tenii that serves to ctose out any static error 
(Setpoint temperature - Block temperature less than 0.5'C). This component is called the integral component To avokJ 
integral term accumulation or Vind-up". contributions to the integral are restricted to a small band around the setpoint 
temperatura The proportional and integral compon^ gains have been carefully selected and tested, as the time con- 
stants associated with the block sensor and sample tube severely restrict the system^ phase margin, thi^ creating a 
potential for loop instabilities. The proportional terni gain is P in Equation (46) below and the integral term gain is Ki in 
Equation (48) below. 

The PID task uses a 'controlled overshoot algorithm" where the bk)Ck temperature often overshoots its final steady 
state value in order for the sample temperature to anive at its desired temperature as rapidly as possible. The use of 
the overshoot algorithm causes the block temperature to overshoot in a controlled manner but does not cause the sam- 
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pie temperature to cvershoot. This saves power and is believed to be new in PCR instrumaitaton. 
The total power delivered to all heater of the sample block to achieve a desired ramp rate is given by: 

Power = (CP / ramp.rate) + tnas (40) 

where: 

CP a Thermal mass of block 

biass bias or control cooling power 

ramp_rate = '^tmai " ^initial ^ desired ramp rate 

This power is clamped to a maximum of 500 watts of heating power for safety. 

With every iteration of the task (every 200ms) the system applies heating or ramp cooling power (if necessary) 
t>ased on the following algorithms. 

The control system is driven by the calculated sample temperature The sample temperature is defined as the aver- 
age temperature of the fiquid in a thin walled plastic sample tA>e placed in one of the wells of the sample block (herafter 
the "Uod^). The time constant of the system (sanple tut)e and Hs contents) Is a functk)n of the tut>e type and volume. 
At the start of a rua the user enters the tube type and the amount of reactk>n volume. The system computes a resultant 
time constant (x or tau). For the MicroAmp™ tube and 100 ntootiters of reaction volume, tau is aidproximately 9 sec- 
onds. 

Ttt^n0«-Tj^^- Power* (200ms /CP) (41) 
^samp-new ° "^sainp * (TttK-ne* - Tsanv) * 200m6/tau (42) 

where: 



Tbik-now - Current block temperature 

Tbik » Block temperature 200ms ago 

Powers Power applied to block 

CPs Thermal mass of block 

Tsamp-new = Cunrent Sample temperature 

"^eamp = Sample temperature 200ms ago 

tau s Themnal Time Constant of sample tube, a^fusted for sensor lag (approximately 1 .5) 



The error signal or temperature is simply: 

eiTor = Selpoint-Tsa„,^ (43) 

As in any ctosed loop system, a conrective actkm (heating or cooling power) is applied to dose out part of the cur- 
rent enror. In Equatkm (45) below.F Is the fraction of the eiror signal to be dosed out In one sample period (200mS). 

T8anifHi«.=T^ + F*(SP-T33^) ' (44) 

where SP := the user setpoint temperature 
Due to the large lag in the system (long tUbe time constant), the fractton F is set low. 
Combining formulas (42) and (44) yields: 

Tsanp^ne,. = ^sanp + (Tboc^^-T^) * .2 / tau = T^^ + F * (SP-T^^) (45) 

Combining fonmjlas (41) and (45) and adding a term P (the proportfonal term gain) to limit block temperature osdl- 
lations and inriprove system siabili^ yields: 

Pwr = CP*P/T*((SP-T3^*F*tau^ + T3^-T„H) (46) 

where 

P s the proportional term gain and 

T = the sarnple period of 0.2 seconds (200 msec), and 



EP0810030A1 

* P/T = 1 in the preferred embodimerrt - ' 

Equation (46) is a theoretical equation which gives the power (Pwr) needed to move the block temperature to some 
desired value without accounting for losses to the ambient through the guardbands. etc. 

5 ' Once the power needed to drive the block is detennined via Equation (46). this power is divkJed up into the power 
to be delivered to each of ttie three heater zones by the areas of these zones. Then the losses to the manifolds are 
determined and a power term having a magnitude sufficient to compensate for these losses is added to the amount of 
pcwer to be delivered to the manifoki heater zona Likewise, another power term sufficient to compensate Ibr power k)st 
to the block support pins, the block temperature sensor and tiie ambient is added to the power to be delivered to the 

10 eddge heater zones. These additional terms and tiie division of power by ttie area of the zones convert Equation (46) 
to Equations (3). (4) and (5) given abcva 

Equation (46) is the famula used by the preferred embodiment of the control system to determine the required 
heating or ooofing power to the sample block. 

When the computed sample temperature is wittiin the "integral band", i.e., ± O.S^'C arourxi the targd tonperature 

15 (SP). the gain of the proportional term is too small to dose out the remaining error. Therefore an integral term is added 
to the proportional term to dose out small errors. The integral term is disabled outside the integral band to prevent a 
large error signal from accumulating. The algorithm inside the "integral band' is as follows: 

lnLsum(new) = lnL8um(oki) + (SP-T3a^) (47) 

20 

pwr.ad; s Ki * Intjsum (new) (48) 

where, 

25 Int.sum = the sum of ttie sample period of tite difference between the SP and Tg^MP temperature, and 
Ki° the integral gain (512) in the prefen^ed embodiment). 

Once a heating power has been calculated, the control software distributes tiie power to the three film heater zones 
254, 262 and 256 in Rgure 13 based on area in the prefened emt>odiment The edge heaters receive additional power 
30 based upon the difference between the block temperature and ambient temperature SImilariy. the manifoM h^ers 
receive additk)nal power k>ased upon the difference between the block temperature and the coolant temperatura : . 

PIP Pseudocode 

35 Upon System Power up or Reset 

Turn off ramp cooling 
Turn off all heaters 
Calculate heater resistances 



so 



AO 
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Oo Forever - executes every 200ine 

If (block tenperature > 105) then 
Turn off heaters 
Turn on refip valves 
Dlepley error aeeeage 

Read the line voltage {llnevolts} 

Read the coolant sensor and convert to temperature 
{h2oteiBp} 

Read the ambient sensor end convert Co temperature 
{ambteap} 

Reed the heated cover sensor and convezrt temperature 

{cvrtesp} 

Read the sample block sensor and convert t:o temperature 
{blktesp}* This portion or the code also reads the 
temperature stable voltage referenca and compares the 
voltage to a reference voltage that was detarmlned during 
calibration of the instrument. If there is any discrepancy, 
the electronics have drifted and ths voltage readings from 
the temperature sensors are adjusted accordingly to obtain 
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accurate temperature readings. 

Compute the sample temperature {tubetenths} or the 
temperature that gets displayed by using a low^pass digital 

filter. 

(4 9) tubetenths «= TT„., + (TB„ • TT^-i) * T/tau 



where TT„., « last sample temp {tubetenths} 

TB^ ^ current block sensor temp {blktenths} 
T « sample interval in seconds « 200ms 

tau « tau tube <cf_tau> - tau sensor 

{cf^lag} 

Equation (49) represents the first terms of a Taylor 
series expansion of the exponential that defines the 
calculated sample temperature given as Equation (6) above. 

Compute the temperature of the foam backing underneath the 
sample block, {phantenths) known as the phantom mass. The 
temperature of the phantom mass is used to adjust the 
power delivered to the block to account for heat flow in 
and out of the phantom mass. The temperature is computed 
by using a low pass digital filter implemented in 
software. 

(50) phantenths = TT„., + (TB„ - TT„.,) * T/tau 



where ^n-i Last phantom mass temp 

{phantenths} 

TB„ « Current block sensor temp {blktenths} 
T « Sample interval in seconds « 200ms 

^^^foMn foam block « 30 sees. 



Compute the sample temperature error (the difference 
between the sample temperature and the setpoint 
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temperature ) { abs_tube_err > • 

Determine ranp direction {fast_ranp} ■= UP_RAMP or DN_RAMP 

If (sample temperature is vithin ERR of eetpoint (SP) } 
then 

PID not in fast transition mode. {fast_ramp} = OFF 
where ERR « the temperature vidth of the "integral 
band**, i.e.,. the error band 
surrounding the target or setpoint 
temperature . 

Calculate current control cooling power {cool_ctrl} to 
deteinnine how much heat is being lost to the bias cooling 
channels. 

Calculate current ramp cooling power {cool_ramp} 

Calculate {cool_brkpt} . {cool^brkpt} is a cooling 

power that is used to 
determine when to make a 
transition from ramp to 
control cooling on downward 
ramps. It is a function of 
block and coolant 
temperature • 

The control cooling power {cool_ctrl> and the ramp cooling 
power {cool_ramp} are all factors which the CPU must know to 
control doraward temperature ramps, i.e., to calculate how 
long to keep the ramp cooling solenoid operated valves open. 
The control cooling power is equal to a constant plus the 
tenipcracuro of the coolant times the thermal conductance from 
the block to the bias cooling channels. Likewise, the ramp 
cooling power is equal to the difference between the block 
temperature and the coolant temperature^ times the thermal 
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conc3uctancc from the block to the ramp cooling channels. 
The cooling breakpoint Is equal to a constant 

times the difference in temperature betveen the 
block and the coolant « 

calculate a heating or cooling power {intjpvr} needed 
to »ove the block temperature from its current temperature 
to the desired setpont (SP) tesperature. 

(51) {inc^pwr} - KP * CP * I(SP - T^) * (cf_kd) + 
Ts ^ T,^,l 

where: 

KP « Proportional gain » P/T in Equation 

(46) « approximately one in the 
preferred embodiment 

CP - Thermal aass of bloc)c 

SP • Temperature setpolnt 

Tg^p « Sample temperature 

Tj^j • Block temperature 

cf_kd = Tau * / Delta^t where tau is the same 
tau as used in Equation (49) and K^, is a constant 

and Delta_t is the 200. msec sample period. 

If (sample temperature is within {cf^iband} of 
sctpoint) then 

integrate sample error {i_sum} 
else 

(52) clear {i_sum « 0), 

Calculate the integral term power. 

(53) integral term - {i_sum> • constant <cf_tiirin>- 

Add the integral term to the power. 

(54) {intj^wr} - (intjwj ^ integral term 

Adjust power to compensate for heating load due to the 
effects of the phantom mass (foam backing) by first 
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finding the phantom mass power then adding it to power 
{int_pwr}. 

Calculate phantom mass power {phantjpwr} by: 
(55) phant_pwr « C * (blktenths - phantenths) / 10 

where: C = thermal mass of foam backing (1.0 W/K) 

Adjust heater power 

{int_pwr} ■= {int_pwr} {phantjpwr} 

Compute power needed in manifold heaters {auxljpower} 
which will compensate for loss from the sample block into 
the manifold edges that have coolant flowing through it. 
Note that if the system is in a downward ramp^ 
{auxljpower) «= 0. The manifold zone power req[uired is 
described below: 



(57) {auxljpower) « K1*(T,,^ - T^) + K2*(T,,^ - 
K5*(dT/dt) 

where : 

Kl « Coefficient {cf_lcoeff) 

K2 « Coefficient {cf_2coeff} 

K5 « Coefficient {cf_5coeff } 

dT/dt « Ramp rate 
Tg^j « Block temperature 

*= Ambient temperature 
Tqjj^ ■= Coolant temperature 



Compute power needed in edge heaters <aux2_power} which 
will compensate for losses from the edges of the sample 
block to ambient. Note that if ve are in a downward ramp 
{aux2_j)ower> » 0. The edge zone power required is 
described below: 
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(56) {aux2jower} « K3* (t^^^^^ - T^) - T^^^) 

K6*(dT/dt) 

Where: 



K3 « Coefficient {cf_3coeff > 

K4 e Coefficient {cf_4coeff ) 

K6 ■= Coefficient {cf_6coeff> 

dT/dt « Ramp rate 

T,j^^ « Block temperature 

T^p « Ambient temperature 

*^a)cc ^ Coolant temperature 



Delete contribution of manifold {auxljpover) and edge 
heater power {aux2_power} to obtain total power that must 
be supplied by main heaters and cooler^. 

(59) <intjpwr} ^ {int_power} - {auxl_power} - 

{aux2_power} 

Decide if the racp cooling should be applied. Note that 
<cool_brkpt} is used as a breakpoint from ramp cooling to 
control cooling. 

If (int_pwr < cool^brkpt and performing downward ramp) 
to decide whether block temperature is so much higher than 
the setpoint temperature that ramp cooling is needed then 
Turn ON ramp valves , 

else 

T\irn OFF ramp valves and depend upon bias cooling 

At this point, {int_pwr} contains the total heater power and 
{auxl_power} and {aux2_power} contain the loss from the 
block out to the edges. The power supplied to tihe auxiliary 
heaters is composed of two components: aux_j)ower and 
int_power. The power is distributed {int_pwr> to the main 
and auxiliary heaters based on area, 
total^pwr = int_pwr 
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intjjwr «= total_pvr * 66% 

auxl_power - total_pwr * 20% + auxl_power 

aux2_pover = tot:al_pwr * 14% + aux2_power 

Compute the number of half cycles for the triac to conduct 
for each end zone and each iteration of the control loop to 
send the appropriate amount of power to the heaters. This 
loop executes once every 1/5 second, therefore there are 
120/5 « 24 half cycles at 60Hz or 100/5 « 20 at 50Hz. The 
number of half cycles is a function of requested power 
{int_pvr}, the current line voltage {linevolts} and the 
heater resistance. Since the exact power needed may not be 
delivered each loop, a remainder is calculated <(deltaj>ower) 
to keep track of what to include from the last loop. 

(60) int_pwr « int_pwr delta_power 

Calculate the nujnber of 1/2 cycles to keep the triac on. 
Index is equal to the number of cycles to keep the triac on. 

(61) index « power ♦ main heater ohms (20 or 24] / 
linevolts squared where Equation (61) is performed once for 
each heater zone and where "power" » int_pwr for the main 
heater zone, auxl pwr for the manifold heater zone and 
aux2_pwr for the edge heater zone. 

Calculate the amount of actual power delivered. 

(62) actual^power « linevolts squared * index / main 

heater resistance 

Calculate the remainder to be added next time. 

(63) delta^power « int_pwr - actual_power 



10 
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Calculate- the nimber of 1/2 cycles for. the edge and manifold 
heaters using t:he same "technique described for main 
heaters by substituting {auxl_pwr) and {aux2_pOT} into 
Equation (60) . 

Load the calculated counts into the counters that control 
the main, manifold and edge triacs. 



Look at heated cover sensor. If heated cover is less than 

15 lOO^C, then load heated cover counter to supply 50 vatts of 

power. 



Look at sanple temperature. If it is greater than 50 •C, 
turn on HOT LED to warn user not to touch block. 

END or FOREVER LOOP 



Keyboartl Task 

30 The purpose of the keyboard task is to wait for the user to press a key on the keypad, conrpare the key to a list 

of valid keystrokes for the currerrt state, execute the command function associated with the valid key and change to a 
new state Invalid keystrokes are indicated with a beep and then ignored. This task Is the heart of the state driven user 
interface It is 'state driven" because the action taken depends on the current state of the user tnterface. 

35 Keyboard Task Pseudocode: 

Initialize cfispiay task variables. 
Turn off the cursor. 

40 



45 



SO 



55 



EP0810030A1 



If (install flag not set) then 

Run the install program. 
Send a message to pid task to turn on the heated cover. 
If (the power failed while the user was running a program) 

then 

Cocpute and display the number of minutes the power was 

off for. 

Write a power failure status record to the history file. 
Send a message to the sequence task to start a. 4*C soak. 
Give the user the option of reviewing the history file. 
If (the user request to review the history file) then 
Go to the history file display. 
Display the top level screen. 

Do Forever 

Send a message to the system that this task is waiting for 

a hardware interrupt froa the Keypad. 

Go to sleep until this interrupt is received. 

When awakened, read and decode the key from the keypad. 

Get a list of the valid keys for the current state. 

Compare the key to the list of valid keys. 

If (the key is valid for this state) then 

Get the "action" and next state information for this 



key. 

Execute the "action" (a command function) for this 

state. 

Go to the next state. 

Else 

Beep the beeper for an invalid key. 
End of Forever Loop 



Timer Task QvftrviflMif 

The purpose of the timer task \s to wake up the sequerK^e arxJ the real time displc^ task every half a seoorxi. The 
timer task asks the system (CRETIN) to wake it up whenever the half second hardware interrupt that is generated kiy 
the ckKk/calendar device is received. The timer task then in turn sends 2 wake up messages to the sequence task and 
the real time display task respectively. This intermediate task is necessary since CRETIN will only service one task per 
interrupt and thus only the higher priority task (the sequence tasl^ wouM execute. 
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Timer Task Pseudocode:- - - . • - ^^/%*«i|=*trj^l 

s Do Forever 

Send a message to the system that this task is waiting for 
a hardware interrupt from the clock/calendar device. 
Go to sleep until this interrupt is received. 

10 

When awakened, send a message to the sequence and to the 
real tine display task. 
End Forever Loop 

15 

Sequence Ta sk Oveiview 

so The purpose of the sequence task is to execute the contents of a user defined program. It sequentially steps 

through each setpolnt In a cycle, consisting of a ranip and a hold segment, and sends out setpoint temperature mes- 
sages to the pid task which in turn controls the temperature of the sample block. At the end of each segment it sends 
a message to the real time displ^ task to switch the display and a message to the printer task to print the segments 
runtime information. The user can pause a running program by pressing the PAUSE 1^ on the keypad then resume the 

25 program Isy pressing the START 1^. The user can prematurely abort a progam by pressing the STOP k^. This task 
executes every half a second when It is awakened l:iy the timer task 

Seqtience Task Pseudocode: 

30 

Do Forever 

Initialize sequence task variables. 
35 Wait for a message from the keyboard task that the user has 

pressed the STAKT key or selected START from the menu or a 
message from link task that the next program in a method is 
ready to run. 

40 

Go to sleep until this message is received. 

When awakened, update the ADC calibration readings to account 

for any drift in the analog circuitry* 
45 If (not starting the 4*C power failure soak sequence) then 

Send a message to the printer task to print the P£ title 
line, system time and date, program configuration 
parameters, t:he program type and its number. 

so 

If (starting a HOLD program) then 

Get the temperature to hold at {hold_tp). 
^ Get the number of seconds to hold for {hold^time) . 

If (ramping down more than 3«C and {hold_tp} > 45«C) then 
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Post an intermediate setpoint. 

Else 

Post the final eetpoint {hold_tp}. 
While (counting down the hold ti&e {hold^time} ) 

Wait for half second wake up message from timer task. 

Check block sensor for open or short. 

If (keyboard task detected a PAUSE key) then 

Post a setpoint of current sample temp. 

Send a message to wake up the pause task. 

Go to sleep until awakened by the pause task. 

Post pre-pause setpoint. 
If (an intermediate setpoint was posted) then 

Post the final setpoint. 
If (the setpoint temp is belov ambient temp and will 
be 

there for more than 4 min.) then 

Set a flag to tell pid task to turn off the heated 
cover . 

Increment the half second hold time counter 
^ store_time> . 

Post the final setpoint again in case the hold time 
expired before the intermediate setpoint was reached 
* this insures the correct setpoint will be written 
the history file. 

Write a data record to the. history file. 

Send a message to the printer task to print the HOLD 

info. 

End of HOLD program 

Else if (starting a CYCLE program) then 
Add up the total number of seconds in a cycle 
{secs_in_run} , taking into account the instroiment ramp 
time and the user programmed ramp and hold times. 
Get the total number of seconds in the program by 
multiplying the number of seconds in a cycle by the number 
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of cycles in a prograia {nmn^cyc} . "■ — - - 

Total {6ecs_in_run} « {sccs_in_run} per cycle * {num^cyc}. 

While (counting down the nui&ber of cycles (nua^cyc}) 

While (counting down the nuinber of eetpoints 
{nuiD^seg}) 

Get the ramp time {ramp_time} • 

Get the final setpoint temp {t_final}. 

Get the hold time {local_time} . 

Send a message to the real time display task to 

display the ramp segment information. 

If (the user programmed a ramp time) then 

Compute the error {ramp_err} between the 
programmed ramp time and the actual ramp time as 
follows. This equation is based on empirical 
data. 

{ramp_€rr} prog ramp_rate * 15 + 0,5 (up ramp) 
{ramp_err) «= prog ramp_r ate * 6 + 1.0 (down 

ramp) 

where: 

prog ramp_rate « (abs(Tf • T^) - 1) / (ramp^time) 

T^ « eetpoiht temp {t^final} 

« current block temp {blktemp} 
abs « absolute value of the 
expression 

Kote: the 1* is there because the clock 

starts 

within !•€ of setpoint. 

new ramp_time « old {ramp^time} - {ramp^err} 
If (new ramp_time > old {ramp_time}) then 
new ramp_time » old {ran^^time} • 

Else 
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new rainp__tiine = 0, 
While (sample temp is not within a user 
configured 

temp {ctjclkjiev} of setpoint) 

Hait for half second valce up message from 

timer task. 

Post a new ramp setpoint every second. 
Else if (ramping down more than 3*C and {t_final> 

> 

45«C) then 
. Post an intermediate setpoint. 

While (sample temp is not within a user 

configured 

temp {cf_clk_dev} of setpoint) 

Wait for half second wake up message from 

timer task. 

Increment the half second ramp time 
counter. 

Check block sensor for open or short. 
If (keyboard task detected a PAUSE key) 

then 

Post a setpoint of current sample 
temp. *■ • 

Send a message to wake up the pause 
task. 

c;o to sleep until awakened by the 
pause task. 

Post pre-*pau6e setpoint. 
Post the final setpoint. 

While (sample temp is not within a user configxired 
temp 

{cf_clk_dev) of setpoint) 

Wait for half second wake up message from timer 
task. 

Increment the half second ramp time counter. 
Check block sensor for open or short. 
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If (keyboard task detected a PAUSE key) then 
Post a setpoint of current sample temp. 
Send a message to vake up the pause task. 
Go to sleep until awakened by the pause 
task. 

Post pre-pause setpoint. 
Send a message to the printer task to print the 
ramp information. 

Beep beeper to signal end of ramp segment. 

Send a message to the real time display task to. 

display the ramp segment information. 

While (counting down the hold time) 

Wait for half second vake up message from timer 

task. 

Increment the half second hold time counter. 

Check block sensor for open or short. 

If (keyboard task detected a PAUSE key) then 

Post a setpoint of current sample temp. 

Send a message to wake up the pause task. 

Go to sleep until awakened by the pause 

task. 

Post pre-pause setpoint. 
Write a data record to the history file. 
Send a message to the printer task to print the 
hold information. 

If (the final setpo^int temp has drifted more than 
the 

user configurable amount {cf^temp^dev}) then 
Write an error record to the history file. 
Check for a programmed pause. 
Go to next segment. 
Send a message to the printer task to print an end of 
cycle message. 
Go to next cycle. 
End of CYCLE program. 



CO 
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Else if (starting an AUTO-CYCLE program) then 

Add up the total number of seconds in each program 
{secs_in_run} taking into account the instnxxnent ramp time 
and the user programmed hold times vhich can be 
automatically incremented or decremented by a programmed 
amount each cycle. 

While (counting do\m the number of cycles {num^cyc}) 

While (counting down the number of setpoints 

(num^ceg}) 

Get the final setpoint temp (t_final). 
Get the hold time {time_hold}. 

Check if the user programmed an auto increment or 
decrement of the setpoint temp and/ or the hold 
time and adjust them accordingly. 

If (the auto increment or decrement of the temp 
causes the setpoint to go below O^C or above 
99. 9*0) then 

An error record is vritten to the history file. 

The setpoint is capped at either 0*C or 99.9«C. 
Send a message to real time display task to 
display the 

rasp segment information. 

If (ramping down more than 3*C and {t_final} > 
45*C) 
then 

Post an intermediate setpoint. 

While (sample temp is not within a user 

configured 

temp {cf_clk_dev} of setpoint) 

Wait for half second vake up message from 
' timer task. 

Increment the half second ramp time 

counter. 

Check block sensor for open or short. 
If (keyboard task detected a PAUSE key) 
then 
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Post "a setpoint of current sample 

temp. 

Send a message to. vake up the pause 
task. 

Go to sleep until awakened by the 
pause task. 

Post pre-pause setpoint. 
Post the final setpoint. 

While (sample temp is not within a user configured 
temp 

{cf_clk_dev} of setpoint) 

Wait for half second Wake up ipessage from timer 
task. 

Increment the half second ramp time counter. 

Check block sensor for open or short. 

If (keyboard task detected a PAUSE key) then 

Post a setpoint of current sample temp. 

Send a message to wake up the pause task. 

Go to sleep until awakened by the pause 

task. 

Post pre^pause setpoint. 
Send a message to the printer task to print the 
ramp segment information. 

Beep beeper to signal end of ramp portion of 
segment. 

Send a message to the real time display task to 
display the hold segment information. 
While (counting down the hold time) 

Wait for half second wake up message from timer 

task. 

Increment the half second hold time counter* 

Check block sensor for open or short. 

If (keyboard task detected a PAUSE key) then 

Post a setpoint of current sample temp. 

Send a message to vake up the pause task. 

Go to sleep until awakened by the pause 
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task* 

Post pre*pause eetpoint. 
Write a data record to the history file. 
Send a message to the printer task to print the 
hold information. 

If (the final setpoint temp has drifted more than 
the 

user configurable amount {cf^temp^dev}) then 
Write an error record to the history file. 
Go to next segment. 
Send a message to the printer task to print an end of 
cycle message. 
Co to next cycle* 
End of AUTO-CYCLE program. 

Else if (starting a POWER FAILURE sequence) then 
Post a setpoint of 4«c. 

Set a flag {subamb_hold} so that the pid task will shut 
off the heated cover, 
DO FOREVER 

Wait for a half second vake up message from the timer 

task. 

Increment the half second hold time counter. 
END FOREVER LOOP 
End of power failiire sequence 

Write a run end status record to the history file. 

If (running a method) 

Set a flag {veird_f lag) go the link task will know to send 
a message to the sequence task to start the next program 
running. 

Else 

Return user interface to idle state display. 
End of Forever Loop 



Pause Task Overview 

The purpose of the pause task is 1o handle either a pause that the user programs in a CYCLE program or a 
pause when the user presses the PAUSE key on the keypad. 

When the sequence task encounters a progFammed pause wh9e executing a CYCLE program, it goes to sleep 
and awakens the pause task. The pause task in turn sends a message to the real time display task to continually display 
and decremem the tinie the user asked to pause for. When the pause tim^ 
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to awaken the sequence task and then goes to sleep. The user can prematurely resume the program pressing the 
STAFTT key on the keypad or can prematurely abort the program by pressing the STOP key. 

When the keyboard task detects a PAUSE key while a program is running, it sets a flag {pausej lag} then waits 
for the sequence task to acknowledge it When the sequence task sees this flag set it sends an acknowledgment mes- 
sage back to the keyboard task then puts itself to sleep. When the keyboard task receives this message, it awakens the 
pause task. The pause task sends a message to the real time display task to continually display and inaement the 
amount of time the program is paused tor. The timer will time out when it reaches the pause time limit set by the user 
in the configuration section. The user can resume the program by pressing the START k^ on the keypad or abort the 
program by pressing the STOP key. 

Pause Task Pseudocode: 



Do Forever. 

Kait for a nessage froa the keyboard task indicating a 
kc^'pad pause f or a message form the sequence task 
indicating a user progranoned pause* 
Go to sleep until a message is received. 

When awakened I check a flag for the type of pause 
initiated, 
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If (it is a programmed pause) then 

Send a message to the real time display task 1:o 
display the pause timer counting up. 

Else 

Send a message to the real time display t:ask t:o 
display the pause timer counting down. 
While (counting dovn the time out counter) 

Send a message to the system to suspend this task tor 
half a second. 

Send a message to the printer task to print the pause 
information. 

If (it is a programmed pause) then 

The pause has timed out so send a message to the wake 
up the sequence task. 

Send a aessage to the real time display task to halt 
the pause display. 

Send a message to the real time display task to 
resume the running program display. 
Else (it is a keypad pause) 

The pause has timed out and the program must be 
aborted so send a message to the system to halt the 
sequence task and send it back to the top of its 
FOREVER loop. 

If (the program running was a HOLD program) 

Send a message to the printer task to print the 
hold information. 

Write a status record to the history file* 

Return the user interface to its idle state. 

Display an abort message. 
End of Forever Loop 



Dtsplav Task Ovefview 

The purpose of the real time display task is to display temperatures, timers, sensor readings. ADC channel readngs. 
and other paranieters that need to be continually if)dated esr^ 

Display Task Pseudocode: 

Initialize cBsplay task variables. 
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Do Forever ... 

Wait for a message every half second from the timer task. 

Go to sleep until the message is received. 

When awakened , check if another task has sent a list of 

parameters to display or a flag to halt the current 

update. 

Toggle the half second flag {half^sec} • 

If (there's a list of parameters to display) then 

Set a semaphore so no one else will update the 

display. 

Turn off the cursor. 

While (stepping throu<gh the list of parameters) 
If (it is a time parameter) then 
Display the time. 

If (half second flag {half^sec} is set) then 

Increment or decrement the time variable. 
Else if (it is a decimal number) then 

Display a decimal number. . 
Else if (it is an integer number) then 

Display the integer. 
Else if (it is an ADC channel readout) then 

Read the coiints from the ADC channel. 

If (need it displayed as mV) then 
convert counts to mV, 

Display the value. 
Else if (it is a power display) then 

Display the power in terms of watts. 



Else if (it is the hours left parameter) then 
Convert seconds to tenths of hours. 
Display the hours left in tenths of hours. 
If (half second flag {half^sec} is set) then 
Decrement the seconds variable. 
If (the cursor was on) then 

Turn it back on. 
Store the current system time in battery RAM. 
Clear the semaphore to release the display. 
End of Forever Loop 
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The purpose of the printer task is to handle the runtime printing. It is a low priori^ task and should not interfere with 
other time critical tasks. 

Printer Task Pseudocode: 
Do Forever 

Wait for a message from another task that wishes 'to print. 
Go to sleep until a nessage is received. 

When awaken, make local copies of the global variables to 
be printed* 

Post a printer acknovledgei&ent message. 

If (need to print a status or error message) then 

Print the information contained in the current 

history record. 
Else if (need to print the page header) then 

Print the company name, instrument ID, . firmware 

version number and the current system time and date. 
Else if (need to print the program header) then 

Print the type of program and its number. 
Else if (need to print the program configuration 
parameters) then 

Print the tube type, reaction volume and the sample 

temperature deviation from setpolnt that starts the 

clock . 

Else if (need to print end of cycle information) then 

Print the ending time and temperature. 
Else if (need to print segment information) then 

Print either the ramp or hold segment information. 
Else if (need to print a pause status message) then 

Print the amount of time paused for and at what temp. 
End of Forever Loop 

LED Task Ovennew 

The purpose of the LED task is to make the illumination of the "Heating" LED riefled the power appfied to the main 
heater. This is a k3w priority task that runs once a second. 

LED Task Pseudocode: 

Initialize LED task variat)les. 
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Do Forever 

Send a message to the system to wake this task every 

second. 

Go to sleep. 

When awaken, load counter 2 of PIC timer A with a value 
that reflects the power applied to the main heater as 

follows: 

load counter with value - {K_htled> * {ht_led} 
Where : 



{K_htled) holds a constant to compute the time to 
pulse the heating LED and is equal to 15200 / 500. 
15200 is a little greater than the PIC«s clock of 
14.4KHZ and this is the value loaded into the timer 
to keep the LED constantly on. 500 is the main 
25 heater power. 

{ht_led} will be a value between 0 and 500 and will 
be equal to the watts applied to the main heater. 

30 

End of Forever Loop 



35 

Link Task Ovennew 

The purpose of the link task is to simulate the user preying the STAFTT key pn the keypad. This task is necessary so 
that programs can be executed one right after the other (as in a method) witribut user intervention. The link task wakes 
40 up the sequence task and it begins running the next program as if the START key were pressed. 

UnkTqskP^^PCgdg: 

Initialize Rnk task variables. 

45 

Do Forever 

If (the flag {weird^flag} is set and it is not the first 
file in 

so 

the Bethod) then 

Send a message to the sequence task to wake up. 
End of Forever Loop 



55 
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Start Up Sequence 
POWER-UP SEQUENCE 

When the power to the instrument is turned on or the software does a RESET, the foDowing sequence takes place. 
Note: the numbers below correspond to numbers on the flow chart 

1. Transmit a Ctrl-G (dedmal 7) character out the RS-232 printer port. Poll the RS-232 port for at least 1 second 
and if a Ctrt-G Is received, it Is assumed that an external computer is attached to the port and all communication 
during the power-up sequence will be redh'ected from the keypad to the RS-232 port If no Ctrl-G is received, the 
power-up sequence continues as normal. 

2. Check if the MORE key is depressed. If so. go straight to the service-only hardware diagnostics. 

3. The next 3 tests are an audic/^isual check and cannot report an enor: 1) the beeper beeps 2) the hot cooling, 
and heating LEDs on the keypad are flashed 3) each pixel of the display is highlighted. The copyright and instru- 
ment ID saeens are displayed as the power-up diagnostics execute. 

4. Should an enror occur in one of the power-up diagnostics, the name of the component that ^led is displayed and 
the keypad is locked except for the code "MORE 999' which will gain access to the service-only hardware diagnos- 
tics. 

5. Check channel 0 of the PPI-B device to see if the automated test bit is pulled low. If it is, aih the UART test If the 
test passes, beep the t>eeper continuously. 

6. Start the CRETIN operating system which in tum will start up each task by priority level. 

7. Check a flag in battery RAM to see if the instrument has been caEbrated. If not. display an enor message and 
kx:k the keypad except for the code *MORE 999* whk:h will gain access to the service-only calibration tests. 

8. Run a test that measures the voltage and line frequency and see if t>oth these values match the configuration 
plug selected while caift>rating the instrument If not display an error message and lock the keypad except, for the 
code 'MORE 999* which will gain access to the service-only caia>rBtk)n tests. 

9. Perform the heater ping test as described in the Install sectton. If the heaters are wired wrong, display an enror 
message and kxk the keypad except for the code 'MORE 999' which will gain access to the service-only calibratfon 
tests. 

10. Check a flag in battery RAM to see if the instrument has been installed. If not, display an enor message and 
lock the keypad except tor the code 'MORE 999' whkii will gain access to the install routine. 

11 . If not in remote mode, check a flag in battery RAM to see if there was a power faSure while the instnirnent was 
running. If sa start a 4*C soak and display the amount of time the power was off for. Ask the user if they wish to 
view the history file which will tell them exactly how far atong they were in the run when the power went off. K they 
select yes. they go straight to the user diagnostics. 

12. Beep the beeper and dear the remote mode flag so all communication now is back through the keypad. 

13. Check a flag in battery RAM to see if manufacturing wants their test program automatically started. If sa start 
the program running and reset the instrument after Its done. 

14. Displi^ the top level user interface saeen. 

Ref emng to Figure 50, there is shown a oross^sectional view of a larger volume, thin waned reactton tube marketed 
under the trademark MAXIAMR This tube is useful for PGR reacttons wherein reagents or oth^ rhaterials need to be 
added to the reactton mixture which will txing the total volume to greater than 200 mtoroliters. The larger tube ^hom in 
Rgure 50 made of Himont PD701 polypropylene or Valtec HH-444 polypropyterie and has a thin wall in coritatit with the 
sample block. Whatever material is selected should be compatibie with the DNA and other components of the PCR 
reaction mixture so as to not impair PCR reactfon processing such as by having the target DNA stick to the walls and 
not replicate. Glass is generally not a good choice because DNA has been known to stick to the walls of glass tubes. 

The dimension A in Figure 50 is typically 0.012 ± .001 inches and the wall angle relative to the longitudinal axis of 
the tut>e is typicaOy 1 y". The advantage of a 1 T"" wall angle is that while downward force causes good thermal contact 
wHh the sample block, the tut>es do not jam in the sample wells. The advantage of the thin walls is that it minimizes the 
delay between changes in temperature of the sample block and corresponding changes In temperature of the reaction 
mixture. Thte means tliat if the user wants the reaction mixture to remain within l^'C of 94^C for 5 seconds in the dena- 
turation segment, and px'ograms in these param^ers. he or she g^ the 5 secorxJ denaturation interval with less time 
lag than with conventional tubes with thicker walls. This performance characteristic off being able to program a short 
soak interval such as a 5 second denaturation soak and get a soak at the programmed temperature for the exact pro- 
grammed time is enabled by use of a calculated sample temperature to control the timer. In the system described 
herein, the timer to time an incubation or soak Inten/al is not started until the calculated sample temperature reaches 
the programmed soak temperature 

Furttier, with tiie thin walled sample tid>es, it only takes about one-half to two-tiiiids as long for ttie sample mixture 
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to get within 1 *'C of the target temperature as with:prior art thick-walled rrucrocentrifuge tubes and this is true both with 
the tall MAXIAMRM tube shown In Figure 50 and the smaller thin walled MICROAMPM ^^te shown in Figure 15. 

The wall thickness of both the MAXIAMP** and MICROAMP™ tubes is controlled tightly in the manufacturing proc- 
ess to be as tfvn as possible consistent with adequate structural strength. Typically, for polypropylene., this will be any- 
where from 0.009 to 0.012 inches. If new, more exotic materials which are stroger than polypropylene are used to 
achieve the advantage of speeding up the PGR reaction, the wall thickness can be less so tong as adequate strength 
is maintained to withstand the downward force to assure good themial contact, and other stresses of nonnal use. With 
a height (dimension B in Rgure 50) of 1.12 inches and a dimension C of 0.780 inches and an upper section wall thick- 
ness (dimension of D) 0.395 inches, the MAXIAMP tube's time constant is approximately 14 seconds although this has 
not been precisely measured as of the time of filing. The MICROAMP tube time constant for the shorter tUbe shown in 
Rgure 15 is typically approocimately 9.5 seconds with a tube waD thickness in the conical section of 0.009. inches plus 
or minus 0.001 inches. 

Rgure 51 shows the results of i^e of the ttiinner walled MICROAMP tube. A sintilar speeded attainment of tar- 
get temperatures will result from use of the thin walled MAXIAMP tube. 

Refemng to Rgure 51, there is shown a graph of the relative times for the calculated sample temperature in a 
MICROAMP tube versus the time for a prior art tube to reach a temperature within 1 •Q of a target denaturation temper- 
ature of 94**C from a starting temperature of 72^C. In Figure 51 . a 100 miaoliter sample was present in each tube. The 
curve with data points marked by open boxes ^ the cateulated sample temperature response for a MICROAMP tube 
with a 9.5 second response time and a 0.009 inch wall thicknes& The curve with data points marked by X*s represents 
the calculated sample temperature for a 100 microliter sample in a prior art thick walled rraaocentrifuge tube with a 
0.030 inch wall tiiickness. This graph shows that the thin walled MICROAMP tube sample reaches a calculated temper- 
ature within 1 ^'C of tiie 94''C target soak temperature within approximately 36 seconds while tiie prior art tut>es take 
about 73 seconds. This is important because in instruments which do not start their timers until the soak temperature 
is substantially achieved, the prior art tubes can sitetantially inaease overall processirig time especially when conskl- 
ered in light of the fact ttiat each PCR cyde will have at least two ramps and soaks and there are generally very mariy 
cycles performed. Doubling the ramp time for each ramp by using prior art tubes can therefore drastically increase 
processing time. In systems which start their times based upon block/bath/oven temperature wittiout regard to actual 
sample temperature, these long delays between changes in Uock/bath/oven temperature and corresponding changes 
in sample mixture temperature can have sertous negative consequences. The problem is tiiat the long delay can cut 
into the time that the reaction mixture is actually at the tenrperature programmed for a^soak. For very short soaks as are 
popular in tiie latest PCR processes, the reaction mixture may never actually reach tiie programmed soak temperature 
before tiie heating/coding system starts attempting to change the reaction mixture temperature. 

Figure 50 shows a polyproi^ene cap 650 connected to the MAXIAMP sample tube by a plastic web 652. The out- 
side diameter E of the cap and tiie inside diameter F of the tul>e upper section are sized for an interference fit of 
between 0.002 and 0.005 inches. The inside surface 654 of tiie tube should be free of flash, nicks and scratches so that 
a gas-tight seal with tile cap can be formed. 

Figure 52 shows a plan view of tiie tube 651. the cap 650 and tiie web 652. A shoukter 656 pm^ 
being pushed too far down into the tube and alkmrs suffk:tent prpjectkm of the cap above the top edge of tiie sample 
tube for making contact witti tiie heated platen. This also allows sufficient cap d^bmnation such that the minimum 
acceptat)le force F In Rgure 15 can be applied by deformation of the cap. 

In tiie preferred embodiment, the tube and cap are made of Himont PD701 polypropylene which is autodavable at 
temperatures up to 126*C for times up to 15 minutes. This aUows the disposable tubes to be sterilized before use. Since 
the caps are pemnanentiy deformed in use in machines witti heated platens, tiie tubes are designed for use only once. 

Caps for the MICROAMP tubes are available in connected strips of 8 or 1 2 caps witii each cap numt>ered or as incB- 
vkiual caps. Single rows of caps may be used and the rows may be easily shortened to as few as desired or indivMual 
caps rnay be cut off the strip. Caps for MAXIAMP tubes are eittier attached a^ 
vkfualcaps. 

The maximum volume for post-PCR reagent additions to permit mixing on tiie MICROAMP tube is 200 miaoGters 
and is up to 500 microliters for tiie MAXIAMP tube. Temperature limits are -TO^'C to 1 26''C. 

The response time depends upon the volume of the sampla Response is measured as the time for tiie sample to 
come witfiin 37% of tiie new temperature when the tiodk suddenly changes ten^seratiffa Typical response time for a 
50 microliter fill are 7.0 seconds and for a 20 mk:roliter fill are 5.0 seoorids. 
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APPENDIX A 
User Interface 

The objective of the GeneAnp PCR System 9600 user 
interface is to provide a simple way to develop and run 
programs that perform PCR. 

There are 3 types of programs available. The HOLD program 
consists of a single setpoint held for a set amount of time 
or held for an infinite amount of tine and terminated by the 
STOP key. The CYCLE program adds the features of timed 
ramps and programmable pauses. This program allows up to 9 
setpoints and up to 99 cycles. The AUTO program allows the. 
user to increment or decrement the setpoint time and/or 
temperature a fixed amount every cycle. This program also 
allows up to 9 setpoints and up to 99 cycles. A METHOD 
program provides a way to link up to 17 hold, cycle or auto 
programs together. 

A total of 150 programs can be stored with niunbers ranging 
from 1 to 150. Programs can be created, stored, protected, 
printed, or deleted. A directory of the stored programs can 
be viewed or printed. 
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Heating 





Cool ing 



PAUSE 



Hot 



OPTION 






ENTER 



starts a program running from the program display 
or restarts a programmed or keypad pause. 

MORE toggles the runtime displays and also accesses the 

service-only functions (if followed by the code 
999). 

BACK moves to the previous field within the same 

screen. If currently positioned on the first 
field, it moves to the previous screen. 

STEP moves down to the first field in the next screen* 

PAUSE starts a paused time-out for manual interruptions. 

OPTION either moves the cursor left-to-right through the 
menu items (rolling over to the leftmost option) 
or toggles the YES/KO response. 

STOP aborts a running program or moves the user up one 

level in the user interface. 

CE clears invalid numeric entries. 

ENTER accepts the current numeric entry, accepts a menu 
item, accepts a YES /NO response, or skips to the 
next field of a display. If the numeric entry is 
the last of a display, ENTER steps to the next 
display* 



1A 
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COMMOM SY8TSK 9600 DZ8PXAY8 



PROGRAM gjgplay Example: 
Prog Hi Ksg Temp CYCL #17 Done 74.0C 



Frog is either HOLD, CYCL, AUTO or METH 

tit is the program t (1-150) or ??? if it is not 

stored yet 

Msg is either Done, Error, Abort or blan)c 

Tenp is the current sample temperature 

Henu are the available options 



RTOTIKE display Example; 
Action Temp Ramp to 94 .DC 29«6C 

M£^££La^BHH£i£2^££SM loroo^^^^^^^^^c^rcie^^^ 



Action is either *Hold at xx.xC* or *Ramp to xx.xC* 

Temp is the current sample tempcurature 

Timer counts down the hold or ramp time or counts up a hold 

time of FOREVER 
Prog/Cyc for a HOLD file is •Prog xxx* 

for a CYCL or AUTO file is 'Cycle xx* - county up 



MORE display Example: 



Setpt ' Tot eye Setpt #3 Tot cyc 25 

Timer Prog Hrs left 2>S Procr 17 



Setpt is the current setpoint # (1-9) - counts up 
Tot Cyc is the total § of cycles (l-^^) in the current 
program 

Timer is the time left in the program in hrs - counts down 
Prog . is the current program # (1-150) 



KEYPAD PAUSE displays - ^^mm^^m^m^^HSimm 

Prog tti Temp AUTO #18 . 55*0C 

PAUSETtoer_^^^^^ JATOj^^s^^^^^^^^ 

Prog is either HOLD, CYCL, AUTO or HETH 

### is the program # (1-150) or ??? if it is not 

stored yet 

Temp is the current sample temperature 
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Timer is the configurable pause tine - counts down 

5 



10 



IS 



20 



25 



30 



35 



40 



45 



SS 
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TOP LEVEL USER IHTERPACE 



Select Option 9600 
BUN-C3^TE-EDIT-UTIL 

TOP LEVEL display 



Run Create program 

Enter program #xxx HOLD-CYCL-AUTO-METH 

FUN display CREATE display 



Edit Select function 

Ent€^program#32 DIR-CONFIG-DIAG-DEL 

EDIT display UTIL display 

Programs are created by selecting a program type in the 
CREATE display* The user is brought directly to the first 
display of the program to be edited. 

Stored programs are retrieved by entering a number 1 to 150 
from the RUN, EDIT, or program displays. Entering a valid 
program number from the RUN display automatically begins the 
run. Entering a valid program number from the EDIT or 
program display brings the user to the first display of the 
program to be edited. 

Programs are edited by pressing STEP (move down a screen) , 
BACK (move to the previous field) or ENTER (move to the next 
field). 

Programs are run by selecting RUN the fiUN-STORE-PRINT-HOME 
menu or by pressing the RUN key on the keypad. The user 
must first enter 2 parameters required for each run. 



■^"■■^"■■■"■"■■■""^ The OPTION key toggles the tube 
Tube type: MICRO ^^P® ^^^^ KICRO (MicroAmp tube) 

React vol: lOOuL (thin-valled GeneAmp 

M-HHHHMHHMMMHi tubc) • If thc uscr conf agured a 

special tube, then the option of 
OTHER is added. A different 
reaction volume may be entered. 
These parameters are stored with 
this program. ENTER accepts 
these values. 



If the user configured the 
Select print mode runtime printer ON and he is 

OFF-CycLE-SETPOIKT running a cycle, auto or method 

— iii"— i"— M» program, then the following 
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printer choices are offered, ^e 
program is started. CYCLE prints 
a message only upon completion 
of a cycle • SETPOINT prints 
runtime data for every setpoint 
(ramp/hold time and temps) • 



■^■"■■^^"■^^■■■■^ If the user configured the 
select print mode runtime printer ON and he is 

OFF-ON running a hold program, then the 

iAHHMMHi^^MMMMHH folloving printer choices are 

offered. 



If the heated cover is below 

cover temp is xx-c "O*?' following screen is 

Run starts at 100-C fifP^*"!?"*-, J"^ 

^^■■MH-MMHMMHHiiiHMH this display when the heated 

cover reaches 100*C, the run 

automatically begins. If the 

user hit STOP to return to the 

program display, then the run 

must be manually re-started. 

Accepting HOME at the RXJN-STORE-PRINT-HOME menu without 
saving a program displays the screen; 

Prog /XXX not stored 

Continue? YES 



TO 
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HOLD PROGRAM 



HOLD #XXX XX.xC 
EUN-STORE-PR^^ 

PROGRAM display 



Hold at XX. 

Hold FOREVER-xxx:xx 



The user can choose between an 
Infinite soak or a tine limited 
hold. 



Beep while Hold? Nfi second. 



The beeper will sound once a 



BOLD PROGRAM - Runtime displays 



Hold at XX. xC XX .xC Hone 
XXX : XX Proa xx 



RUNTIME display MORE display 



HOLD fxx XX .xC None 

PAUSE xxrxx 



KEYPAD PAUSE display PROGRAMMED PAUSE 



HOLD PROGRAM - Runtime printout 

PE Cetus GeneAmp PGR System 9600 Ver xx.x Nov X4, 1990 
xx:xx am 

Tube type: MICRO Reaction vol:100uL Start clock within x.xC 

of setpt 

HOLD program #xxx 

HOLD Program: xx.xC xxx:xx Actual: xx.xc xxx:xx 
or 

HOLD Program: xx.xC FOREVER Actual: xx.xC xxx:xx 
HOLD program #xxx - Run complete Nov 14, 1990 xx:xx am 



EP0810030A1 

CYCLE PROGRAM' 



' cycL #xxx XX. xC 

EUH-STORE>PRIWT-HOME 
PROGRAM display 

10 

The default is 3. This 
X Temperature PCR determines the number of 

setpoints in this program. 1 to 
75 9 setpoints are allowed. 



20 



25 



Setpt /I 
xx.xC 



Ramp xiiiYX 
Hold xx:xx 



The number of setpoints entered 
above determines how many 
setpoint edit displays will be 
offered. The user can enter a 
ramp and hold time for each 
setpoint. The hold timer will 
start when the sample temp gets 
within a user configurable temp 
of setpoint. 



30 



Total cycles « jpc 
Pause during run? NO 



If the user does HOT want to 
pause, then the next 3 displays 
are skipped, i to 99 cycles are 
allowed. 



3$ 



Pause after setpt 
Beep while pause? YES 



Entering a 0 for setpoint number 
also means the user does NOT 
want to pause therefore the next 
2 displays are skipped. 



40 



1st pause at cycl X2C 
^ause^ever^xj^jclfi^ 



The cycle number is limited to 
the total number of cycles 
entered above. 



45 



Pause time iq^:xx 



The default pause time is set in 
the user configuration. 
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70 



15 



CYCLE PROGRAM - Runtlm# displays 



Ranp to XX .xC xx.xC 
RUKTIHE display (ramp) 



Hold at XX. xC xx.xC 
^ocxno^^^^cycl^oc 

RUNTIME display (hold) 



Setpt #x Tot Cyc xx 
Mrs left X,X Proqxxx 



MORE display 



20 



CYCL #xxx 
PAUSE xx:xx 



XX.XC 



KEYPAD PAUSE display 



Setpt fx XX .xC 

^PADS^jocrjocCycl^Joc 

PROGRAMMED PAUSE 



25 CYCLE PROGRAM * Runtina printout 

PE Cetus GeneAsp PGR Systea 9600 Ver xx.x Nov 14, 19.90 
xx:xx an 

Tube type:MICRO Reaction volMOOuL Start clock within x.xC 
30 Of setpt 

CYCL program /xxx 
Cycle #xx 

Setpt fx RAMP Program: xx.xC xx:xx Actual: xx.xC 

xx:xx 

^ HOLD Program: xx.xC xxtxx Actual: xx.xC 

xx:xx 

• 

(up to 9 setpoints) 

40 . (up to 99 cycles) 

• 

CYCL program /xxx - Run Complete Nov 14, 1990 xx:xx am 
CYCL program /xxx - User Aborted Nov 14, 1990 xx:xx am (only 
if aborted) 



so 
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AUTO PROGRJUC 



AUTO ixxx XX. xC 

EUN'STORE-PRTNT^HOME 
PROGRAM display 

10 



X Temperature PGR 



15 



Sctpt iX XX .^C 
Hold for xxixx 

so 



25 



Sctpt fl XX. xC 
Chanoe time /temp? y EJ 



30 



XX. xC delta _ x-xC 
35 delta xx:xx 



Total cycles « xac 



The default is 3. This 

determines the number of 

setpointfi in this program. 1 to 
9 setpoints are allowed* 



The number of setpoints entered 
above determines how many 
setpoint edit displays will be 
offered. No ramp time is offered 
thus the instrument ramps as 
fast as possible. The hold 
timer start when the sample temp 
gets within a user configurable 
temp of setpoint. 

If the user wants to increment 
or decrement the time and/or 
temperature every cycle, then 
the following display is 
offered. 



The OPTION key toggles the arrow 
up (increment every cycle) or 
down (decrement every cycle) . 
The max tine allowed to 
decrement is limited to the 
setpoint hold time. 

Up to 99 cycles are allowed. 



45 



SO 
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AUTO PROGRAM - RuntiB« diflplaya 



Hold at xx.xC xx«3cC 
XXX : XX i£££i£J2M 



RUNTIME display 



Setpt /x Tot Cyc xx 

Hr^lef^CO^rogxjSL 
MORE display 



10 



IS 



AUTO #XXX 
PAUSE xx:xx 



XX.XC 



KEYPAD PAUSE display 



None 



PROGRAKKEO PAUSE 



20 



25 



30 



35 



40 



AUTO PROGRAM - Runtiaa printout 

PE Cetus GeneAnp PGR System 9600 Ver xx.x Nov 14, 1990 
xx:xx am 

Tube type:MICRO Reaction vol:100uL Start clock within x.xC 
of setpt 

AUTO program /xxx 
Cycle #xx 

Setpt fx RAMP Program: xx.xc xx:xx Actual: xx-xC 

xx:xx 

HOLD Program: xx.xC xx:xx Actual: xx.xC 

XX : XX 

(up to 9 setpoints) 

(up to 99 cycles) 

AUTO program #xxx * Run Complete Nov 12, 1990 xx:xx am 
AUTO program #xxx - User Aborted Nov 12, 1990 xx:xx am (only 
if aborted) 



45 

I 

SO 
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KETHOO PROGRAM 



METH /XXX - XX. XC 
RUN-STORE-PRINT^HOKE 



PROGRAM display 



^^^^■^^^^""■"■■■"^ Up to 17 programs can be linked 
Link progs: - In » »ethod. If the user tries 

^ ^ . to enter a non^-existant program 

#, the message "Prog does not 
exisf is displayed. If the user 
tries to link another method, 
the message ••Cannot link a 
method" is displayed. 



METHOD PROGRAM - Runtime displays 

The RUKTIME, MORE and PAUSE displays will be those of the 
program currently running. Two additional MORE displays are 
offered when the program running is linked in a method. 



^^^■■^■'■"■■■^■■■'■■"■"""^ The number of the program 
METH #xxx aaa-bbb- currently running will flash. 
ccc-ddd-eee-f f f-qqg- 

ADDITIONAL MORE display 



hhh-iii- j j j -kkk-111- 
^mmn-nnnjj^ooo^2gJ2SH^^ 



METEOD PROGRAM - Ruatias printout 

PE Cetus GeneAmp PGR System 9600 Ver xx.x Nov 14, 1990 
xx:xx am 

Tube typetMICRO Reaction vol:100uL Start clock within x.xC 
of setpt 

METHOD program #xxx • preceeds all linked 
program data 
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HETHOD program #xxx - Meth Complete - follows all linked 
progra data 



METBOD PROGRAM - Pri&t 



Select option 
METHOD--PROGRAM DATA 



METHOD prints the header of each program linked in the 
method • 

PROGRAM DATA prints the header and contents of each 

program linked in the method. 
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' ■ BTORING A PROGRAM 

When STORE is selected from the RON-£TORE-PRINT-HOME menu, 
the routine for storing a program is the same for a file as 
well as a method. Protecting a program insures the user 
that the program will not be overwritten or deleted without 
Knowledge of the user number. Other users will be able to 
view, edit, run, and link the protected file in their 
methods but will not be able to alter the stored version. 

XXX is the first available 
program number from 1 - 150. 



Store 
Enter program #xyx 



The user has entered the # of a 
Progxxx is protected protected program. The correct 
Enter user #xxxx ^^^^ ' must, be entered in order 

■■^■■■-■■^^i^^ to overwrite this program. 



Progxxx is protected 
Wrono user number 1 



The wrong user / was entered. 
This display remains for 5 
seconds before reverting to the 
previous one. The user is given 
3 chances to enter the correct 



Progxxx is linked in 
Methxxx Continue?YES 



If the user tries to overwrite a 
program that is linked in a 
method, the user is warned and 
given the option of continuing 
or not. 



Can't overwrite prog 
Linked in method xxx 



If the user tries to overwrite a 
program that is linked in a 
method with another method, an 
error message is given. 



^^^■■■"■"■"■""""^ The user is given the chance to 

Store protect a program as well as 

Protect proaram? NO unprotect a previously protected 

"i"*^ program. 



The user wants to protect the 
store program and therefore must enter 

Enter user /xxxx * user #. 



Ready to store the program in an available slot. The user 
f appears only if the program is protected. 
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Prog txxx User /xxxx Ready 
OK to store? YES Prog #wcx User #xxxx ^ ^ 

OK to overwrite? YES overwr 

■MMHHMMMMHMHirfBM itC an 

exist! 
n g 
progra 
m. The 
user # 
appear 
6 only 
if the 
progra 
n is 
protec 
ted. 



UTIIiXTY FXJ19CTI0M8 



Select function 
EIR-COKFIG-DIAG'-DEL. 

UTIL display 



DIR allow the user to view or print a directory of the 

stored programs by either their -progras number, 
user niu&ber or program type. 

CONFIG allows the user to tailor the use of the instrument, 
to their specific needs. 

DIAG offers the user a means of diagnosing runtime 
problems and verifying the performance of the 
instrument. 

DEL allows the user to delete stored programs by 

program number, user number or program type. 
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UTZL - DZRBCTORy 



Directory 

PROG-TYPE-USro-PRINT 



DlMctory fey FROOrmm aumb«r 



Prograns will be listed in 
T%A^M^^^ nuaericel order starting at the 

Sn^^SSLr.-* #vinr 9iven nuaber. The STEP and BACK 

Enter program fxiQc ^^^^ ^^^^ through the directory 

displays. The beeper sounds at 
the beginning or end of the 
program list« 



STOP returns the user to the 



HOLD #124 display. 



Directory by progran TYPE 



Directory 

HOUHCYCL-AUTO-METH program 



The program numbers will be 
listed for the selected type of 



CYCL #15 



Directory USSR number 

All programs stored under the 

Directory f J^^d """^ ^ 

Enter nser #xxxy xio^wi. 



METH /ISO User #1234 



Directory VBXtn 
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The user can get a hardcopy of 
Directory Print directory listing in the 

PROG^T YPE-USER same manner the directory is 

viewed above. 
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0TXL - USER COMPZCUBJITZOM 



The configxiration file can be 
Configuration edited by accepting EDIT froa 

EDIT-PRINT the menu or by pressing the STEP 

^^"""i^ key* PRINT prints the contents 

of this file. 



10 The user can set the system tine 

Tine: xx:xx date. 



Date; mm 



£mm££L 



Runtime printer OTZ 
JRuntim^beejpg^^OH 

20 



Pause time-out limit 
3cx:xx 



30 W^HMBMH^H^^^^H 

Allowed setpt error 



35 



Idle state setpoint 



40 



45 Start clock within 

x«x»C of setpoint 



If the runtime printer is ON^ 
the user will be prompted with 
printer option as the start of 
each run. If the runtime beeper 
is ON, then a beep will sound at 
the end of each segment (after a 
ramp or hold portion of a 
sequence) while running a 
program. 

This time represents the maximum, 
amount of time a program can 
pause for before it is aborted. 
This pertains only to the keypad 
pause. 

This time represents the number 
of degrees the actual sample 
temp may va^y from the setpoint 
before an error is flagged. 



This setpoint is useful for 
balancing the control cooling 
power irtiich is always present. 
The sample temp will be 
maintained at the idle state 
setpoint imenever the instrument 
is idle. 

The clock which times the hold 
segment of a running program can 
be configured to be triggered 
when it gets within this 
teaperature of the saa^le temp. 
The nominal value is 1«0«C. 



If the user wishes to use a different type of tube other 
than the HicroAiQ) or Thin-walled GeneAmp tubes « they must 
set this option to YES and enter at least 3 pairs of 
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reaction volume and tube time 
Special tube? NO constant data. This curve will be 

used to extrapolate the correct 
—■i^—M—Mii-i—iiB—^iiBiMi Tau (tube tine constant) for each 

run using this special tube 
depending on the reaction voluae entered by the user at 
the start of a run. 



10 



,5 UTIL • USER C0HPI60RATI0N (COBt) 



3 sets Of this screen will be 
offered if the user sets 



Rxn vol^xxxuL T-xxxs ••special tube?- to YES 



Rxn vo l»xxxuL IVxxxs 

SO 



25 



30 



35 



40 



45 



SO 



55 



EP0810030A1 



UTIL - DELETE 



Delete 

PROGRAM-USER-ALL 



10 



Dmlmtm by PROGRAM 



Delete 

Enter program #yxx 



15 



All programs (files and aethods) 
can be deleted by ntiinber. 



20 



Can^t delete progxxx 
Linked In nethodxxxl 



A' program cannot be deleted if 
it linXed in a method. 



25 



Progxxx is protected 
Enter user /xxxx 



The user has entered the / of a 
protected program. The correct 
user / must be entered in order 
to delete this program. 



30 



35 



Progxxx is protected 
Wrona user number! 



Prog #xxx User #xxxx 



The wrong user / was entered. 
This display remains for 5 
seconds, before reverting to the 
previous one. The user is given 
3 chances to enter the correct 

Ready to delete the program. The 
user # appears only if the 
program was protected. 



40 



Delete by U8ER 



Delete 

Enter user fxxxx 



Programs can be deleted under a 
given user nximber. 



so 



Delete 

No progs with #xxxx 



If no programs exist with the 
given user #, the following 
message is displayed. 
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Programs cannot toe deleted if 



1 • -a • \ 4-\. they are linked in a method. The 

sS%i^ns? iJoJs STEP key will cycle through the 

STEP to list progs ^^^^ linked programs. 



UTZL - DELETE (cont) 



^^^"■"■■"■■■^""T" The list of the linked programs 
Can't delete progxxx ^^1^ «*\<>w which method the 
Linked in methodxxx! Program is linked to. 



■"■^^^"■■■^"■■■■■■^ This will delete all the 
User #xxxx programs under the given user # 

Delete all proqs?YES ^^^^ linked. 



D«lata ALL 



This will delete every 
Delete ^verv unprotected program that is not 

unprotected proq?YES Hoiked in a protected method. 



• ' - - EP0810030A1 

OTIL - USER DIAGNOSTICS 



While running any diagnostic test, the STOP key always 
returns the user to the top level diagnostic screen and 
automatically increments the test number and name to the 
next test. This facilitates aianually cycling through the 
available diagnostics. 



10 



15 



Enter Diag Test /I 
REVIEW HISTORY FILE 



20 



The user can enter the niimber of 
the diagnostic to run or can use 
the STEP or BACK keys to cycle 
through the available tests. 
Every time the STEP or BACK key 
is pressed, the test number is 
incremented or decremented and 
the associated test name is 
displayed. This featuire 

eliminates the need for the user 
to memorize the niunber 
associated with each test. 



REVIEW HISTORY FILE 



25 



30 



Enter Diag Test 
RrVIE>; HISTORY FILE 



The history file is a circular 
buffer in battery RAM which can 
store up to 500 records of the 
latest run. When the buffer is 
full, the oldest entries will be 
overwritten. The buffer will 
automatically be cleared before 
a program is executed. 



35 



40 



HISTORY nnn recs 
ALL-STAT-ERRORS-PRNT 



The history file header displays 
the current number of records in 
the file (•nnn«), 
ALL views all the records 
BTXT views only the status 
records 

ERRORS views only the records with 
error messages 

9RNT prints all or part of the history 
file 



The two types of records are 1) status records which give 
information about the program and 2) data records which give 
45 information abount each hold and ramp segment in a program. 

A Hold program is treated as one hold segment and the data 
record will be stored when the file ends. 

Since there could be hundreds of entries (SO cycles X 6 
^ setpoints "« 350 entries) ^ fast, bi-directional movement 

through the file is required. Note that most PCR programs 
will be 3 or 6 setpoints and 40 cycles or less. The entries 
will normally be reviewed in reverse order, thus the first 
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record seen will be the last record written. 

If the user has chosen a type of record to view, STEP or 
BACK will move down or up the buffer by one entry of the 
chosen type. By preceding STEP or BACK with a number, the 
second line is replaced with "Skip /XXX entries**. The user 
enters a number and presses ENTER to accept the value and 
that nujnber of entries is skipped going forward (STEP) or 
backward (BACK). 

By preceding STEP or BACK with the RUN key, the user can 
quickly move to the largest record # (the newest record) or 
record #1 (the oldest record) of the chosen type. 

STOP terminates the review mode and displays the file 
header. 
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STATUS RECORD 



•ffff /xxx/mmm 
pessaqe 



is either HOLD^ CYCL or 



nnn 



•ffff • 
AUTO 

*xxx* is the program number 
• /x&mm* is the method number for 
a linked program, else blank 



*nnn* is the record nxiaber 

'message* is one of the following: 



status ttassages 

Tube Type: xxxxx 
Reaction vol: xxxuL 
Clk starts w/in x.xC 

Start xx/xx/xx xx:xx 
End xx/xx/xx xx:xx 
Meth Complete 

Pause xx:xx at xx.xC 



Type of sample tube used, in the run 

Reaction volume used in the run 
The hold clock starts within this temp 
of setpoint 

Time and date of the start of the run 
Time ahd date of the end of the run 

All programs linked in the 

method are complete 
The program paused for this time at 
this temp 



Sensor Error 



Power fail xxx.x hrs 



User Abort 



Pause Timeout xx:xx 
Fatal Setpoint Error 



A sensor had a bad reading 10 

times in a row 
The power was off for this amount of 
time 

The user pressed the STOP key during 
the run 

The keypad pause has reached its 
configurable time limit. 

Is the requirement to abort a program 
if the setpoint is not reached within 
a calculated amount of time. A 10 X 
10 lookup table of starting ramp 
temperature (0«C • 100*C in 10«C 
increments) vs. ending ramp 
temperature (same axis labeling) will 
hold the average time the TC2 should 
take to ramp up or down any given 
amount of degrees. The file will be 
aborted if the setpoint is not reached 
in the amount of time calculated as 
follows: 



programmed ramp time ^ (2 * lookup table value) 
10 minutes 



DATA RECORD 



•f ' is either HOLD, CYCL or AUTO 
*xxx* is the program number 
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* /mmm* is the j&ethod number for 
f/xxx/mmm ddd/dC nnn . program else blank 

cycyy Setpt 2 mmnrss 'ddd.d' is the cndxng setpomt 

■■■■^-i^^ii-iiii*^"— ^""i™"" temp 

• nnn • 

is the 
record 
number 

•yy* is the cycle number 
*z* is the setpoint number 
*nmm:ss* is the setpoint time 

The cycle and setpoint number fields will be omitted for a 
Hold program. 



DATA'EHKOK RECORD 



*ddd«d* is the ending setpoint 

message ddd*dC nnn /^^P. . ■ . ^ 
Cycyy Setpt z vmrniss nnn* is the record number 

M^HMMMMdtaMMMHHM 'yy* is the cycle number 

*z' is the setpoint number 
«mmQ:ss' is the setpoint time 

'message' indicates a non-fatal error 
as follows: 

Non-fatal Error massagas 

Setp Error The setpoint was not reached in the calculated 
tine: 

programmegl ramp time (2 * lookup table 

value) . 

Prog Error An Auto program auto increment/decrement of the 
setpoint temp or time caused the hold time to go 
negative or the temp to go out of 

the range 0*1"»C to 100*0. 

Temp Error At the end of the segment, the setpoint temp has 
drifted a user configurable amount. 

For the Hold program, the cycle and setpoint .fields will be 
omitted. 
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IV % 1 - • 

PRXNTIMG THE HISTORY FILE 

Access to the history file print routines is through the 
history file header i&enu. The OPTION key cycles the cursor 
through the options: 



HISTORY nnn recs 
ALL-STAT-ERRORS-gRNT 



Pressing the ENTER key when the cursor is positioned under 
PRNT displays the print screen: 



Print History 
ALL-STAT-ERRORS 



ALL prints all the records in the file 

STAT prints only the status records 

ERRORS prints only the records with error messages 



When one of print options is selected, the following screen 
is displayed: 



Print History 

Print from prog /xx 



The first (DOSt recent) program number will be the default 
program. The user can change the program number from which 
to begin printing. While printing, the following screen is 
displayed: 



Print History 
, > > printing 



At the end of printing, the Print History menu is again 
displayed. 
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HEATER TEST 



Enter Dlag Tcet /2 
HEATER TEST 



The heater test calculates the heat rate of the sample block 
as its temperature rises from 35*C to 65»C. The following 
screen is displayed as it forces the block temperature to 



Heater Test Blk«XX.X 



When the temperature stabilizes, all heaters are turned on 
full power. The display now reads "going to 65C** and the 
block temperature is monitored for 20 seconds after it 
passes 50^0. After 20 seconds, a pass or fail message is 
displayed. 



Heater Test PASSES 
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CHILLER TEST 



Enter Diag Test /i 
CHILLER TEST 



The chiller test calculates the cool rate of the sample 
block as its temperature drops from 35 to 15»C. The 
following screen is displayed as it forces the block 
temperature to 35«C. 



Chillr Test Blk-XX.X 



When the temperature stabilizes, the chiller is on. The 
display now reads ""going to 15C" and the block temperature 
is monitored for 20 seconds after it passes 25*0. After 20 
seconds, a pass or fail message is displayed. 



Chiller tiest PASSES 



Claims 

1 . A theimocyder apparatus suftable for performing the polymerase chain reaction oorrprising 

a metal sarrple block having an array of spaced-apart sample wells each of which has an inside surface, said 
wells t>eing provided with one or more capped sample tut>es each containing a sample mixture placed in a 
microtiter plate having an uppennost edge, which plate is seated on said sample blocK and 

a cover to enclose said capped sample tubes, which cover comprises a flat horizontal rectangular portion and 
downwardly projecting skirt portions along the periphery thereof and further comprises a 6eAce for heating at 
least the underside of said horizorrtal portion, said cover being dimensioned to contact said sample block and 
to encfose said microtiter plate and capped sample tubes on saki sample bfock when the tops of the caps on 
sakJ sample tubes deform, due to the application of heat and a downwardly directed force on sakJ cover. 

2. Apparatus as claimed in daim 1 , wherein sakJ side portions of the cover are cfimensioned such that said skirt por- 
tions contact said sample block at substantially the same time as the urKlerskie of saki cover contacts the upper- 
most edge of saki microtiter plate as the oovor endoses the plate, preferably wherein ttie dowmwardly directed force 
is suffident to ensure a snug contact tietween a lower portfon of each sample tiibe arxi the inskie surface of the 
well which contains saki portion. 

3. Apparatus as claimed in daim 1 or daim 2 further comprising knob and saew means for lowering saki cover from 
one height to another, saki knob and screw means induding indfoatfon means tor kientifying a knob position conre- 
sponding to the cover height at which saki cover contacts saki upp^nfiost edge. 

4. Apparatus as dalmed In any one of claims 1 to 3. wherein said cover provkfes suffk^ent heating to said capped 
sample tubes so as to heat the caps and the portk)ns of the sample tubes positioned above the sample wells to a 
temperature above a condensation point of vapour from the sample mixture in said one or more tubes. 
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5. A thermocycler apparatus suitable for performing the polymerase chain reaction conprising a sample well capable 
of receiving at least one capped plastic sample tube Containing a sample mixture, and a heated cover for said at 
least one sample tut>6. 

5 6. A disposable reaction container comprising a sut)stantially oonicalty shaped first wall portion and a substantially 
cylindrically shaped second wall portion, said first wall portion being adapted to contact along sut)stantiafly its 
entire outer surface a correspondingly shaped portion of a heat exchanger, said first wall portion being substantiaOy 
thinner in wall cross-section ttian said second wall portion. 

10 7. A container as claimed in claim 6 which is ad^ed to receive a cap which forms a gas-tight seal when engaged 
over said cylindrically shaped second wall portion. 

8. A contain^ as claimed in claim 6 or claim 7. wherein the angle defined by the longitudinal axis tivough said reac- 
tion oontairier and the substantially conicatly shaped first wall portion is atx)ut 17", preferably said first wall portion 

IS is from about 0.009 to ak)Out 0.012 inches in wall cross-section, and/a said second wall portion is atxnjt 0.030 
inches in wan aoss-section. 

9. A container as claimed in any one of dairvis 6 to 8 which is rmde from an autodavable plastic, preferably polypro- 
pylene. 

10. Acontainerasclaimedinanyonedd£urn8 6to9addKionallycompridngac^ 

reaction container and which is capabl^ of forming a gas-tight seal witii ttie upper portion of said second wall por- 
tion, preferably said container has sufficient strength to witiistand the application of a downward force to said cap 
when said cap is in place atop the upper portion of said secorid wall portion, which force is applied so as to deform 
25 said cap. 

11 . A container as claimed in any one of claims 6 to 1 0 which additionally comprises an annular flange whic^ extends 
outwardly from the outside of said second wall portion. 
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